“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1988-09 


Composite reliability enhancement via preloading. 


Jones, Mark Christopher 


http://hdl.handle.net/10945/22963 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

; | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 






































































































































































































































































































































































































q ad be 
% a ' 3 
8 ‘ t A? i 
a a & ‘ 1 ¢)' ey e Fd ‘- beens = © 2 oe gs 
4 "4 ' 4 a UE we @ . ae t At « —— ss 
we ‘ amet ic ' ett tt Jew ye YekMnelt tee yigua’ " Rey 4? 
Tae cs one 5 An 4, hgeee 1.4% 6. Aa a OU wig ales eree 
° : ‘ A ane poe nae pets fits ee Ved rates: @: gest k Lash oA 
: ” ‘ a . aw WW 5 oy Pie, Wee le? oh Ay SAUL en aes eee oe rte 
: 4 rete. ‘ Ay Sees he Ca a A ‘ VO a AGE 
: te a Jeeta Nowe ate eset S as arAok 3 o. Pe 26 
‘ a t passa werk mew }, alasaseu ne 7. vas dsA. 2? Ys 
e gered Prvew ot 
’ . ‘ gare y ea WLR Bs aera lye rey 
qe hen Beedle a a 6 
’ al y f e : tafe ere® 
' g.2 aca’. ae % a3 Ve. adi Oa 
B . At ee eae va a he rgi ERs gee b sh ae idea Sayqsqat tah: 22109 
F . fe ata a pias 4 age AY hoy eal ee et ab vee, Gps tenets omen seers 
St ny ee ‘ e aa 1 Aspacagecttbes Drab oheggasd Ace bree yr) 
icon : Page tata. 4 028 09 F198ty BY £4 4% 20 0. WGA 
‘ s ' 8 “| a a8 6 Rpts a BV Ese: Dork fe ate Re BTA Re Ce ae 
. Care Trop cocetne me 4p eco AOS WIM As Hew ang cmseutes te 
Cer 4 ° it da pel@h Mies a” aditieh 
ie led Sphpe ms hearasatd bos hale Er awe 
' oat 1. @ 4 ae whee he rY 8 9 fy oadng: sua 2 
5 Ae ec A 7 ok ie tea wal ALA ahivere piasdsga Pie eS 
Cena Ja G 1 42 oe Ue oe 8 ye este re Mae dpeesee: AY PTT TL Teeth ert hed ‘Batt 0504 
a] , uy es ! ‘ . is 4 Og ‘ og ate BM ore tgs a- eee mass eno Rats ese 
U fee MU bh ‘ os an ee salle upeeecenr air vee Avot: SRS tert brett 
’ eur ° 2 1' wee yn on Ue sf BOrBN™® 4 ae the MU Rtes 0 moa Rae 
oe a based ¢ ‘ aie 4 asaryle wa A vd soe 01020 ws Pe™eh ARE: 
’ we 2 oe u DOF i) foo t 4 Alt, Mat 1% BA. %e Aoaan ® ep ste 9M 
" ” ’ U tee Acs Pd le aU st tee VSttee 4 rele. Aa Ree Aas ey Vo! Rew, Oe Bor 
. . ’ , ‘ ' ety 1h Lost 4 ho aS PIT es abe he 
a . Peete, Gr; A hee ea ae fea ‘ ree tes | apeet ae ret sige Ed etee! 
"4 oo. ke, oe* ‘ : adel Ls ae ype lee Os ® 
‘ ae rie ‘ oe "od - ie ater 2! 
is ‘ e » & 4 ‘ ie he u 
ee . ‘ , . ¢ S< S bh 
. dorsate ‘ wie " ' rik oe Tashats ¥ 4 
' hee ' Pipe ' esr qr ¢ we ya ake 
. 8 er Werte” ovrre a's 2 a@s 90 oy aioe eaten OA a sh 
‘oo oo 6 8 ge r) ah 8 nese Yn wee <p 2m epatn yeh 0 Forgiiain's © 9. Bee 9 01 as eet We! 
. ' Aa) + > 4 1, peuawe ee wear eee dat rer ee a) Om Got: De Bod ce 
PY are r ’ ' r) 2 aeeret ow puasg AH faves be. 4 rs yeapore® >% Ar ayage Bae UR car eobo tr Beaek 
. ' l ’ ' ry ’ 6 al 7 OY ed mae © rs! ° oars % Pe le Og ONT SS Se al oo 
' LU ie tee 18 ‘ ‘ a? read ertegay Bete : Ly pee Or erode ae 
Lr 18 ' ’ ahs #. 4,mOe 8 aa mat poles Ur ees 
‘ Ae) eer ih, ee BY ape aetr ese UE ea gee Coser ere® as 
(Wand ¢qet ‘ ° eon epee § 90008 f nr MoO & he MBER ee, Ba Be 
. . 1 '. t ee ‘ - 4 @e waigh as wm eent . gptene’ am, Ge Oe 
te aie Ag ree ‘ Das Mebree te feet nye 3, ewe Be ate 
ad ' 6 ay oe ioe Prec 4) aor Oates! ems ae 
. . e o 4 ' ' in oon Qptet atite® 4 
. so o88 oe . . ' ® yee ft aft med ave ae ts wales 
. - . ry . tee © an. % Cease gates darhye: inepous® 1. Retr de Be 8 
7 i | a ; +. geo ah gees y eR Bag hele be Re be 
. . . » . ' ‘ ' oe A ® 
. . . oe Opts a8 a Ye Pirie ete) aden Bate meee Be Be heate Ste be wee 20 
ar ‘ Ue eau (CY Conte st? sae Jamin adqr Or @ Mole feoasen Se 
. to. . Pat ate avs eyed oS + Aves ins aad a Lo te tao Megha tea ote 
. 7 ’ . i. 8 Ce et thd beat ’ ' 4 Drm wee “ft « peg en 
. ‘ ote ' ae ‘ ‘ fu 1 Qa Xe oi Aad. * pat 
oe uu a ' cy ’ Ly ap ye ofan Os o. tee ‘eaten ll fiat» Me © 
ene 8 a pect rn | we a4 . sam ts Gee Oe MO? @ esters ow eee L Re Me Re ess lina a tr OR SY 
. nr) . a) rte 1 apt Benge? ag york A ete L toad tere tsy nee! Se hege ety Bs hem Bs? 
toe t Pe ear tae LLY ek, aa fa Tainan ete a arnde (9° A lute pee WTA weet er seal am 
' ' . 8 ’ " ’ .% ’ o.be . poet, Met WOE OBS 5, ag nse Owe 5 age. te aap «jaan arn 
ae Z i ‘ : Py we 1 a. % gue et ape Me doesnt he te BAP ee ee a . mani eh eee: 
: , Aatats 7 ary Ace . 7 ihe ae ee ote se miat BR apry Mes O72 AE buncsamen ae: Ales: ® 
“ Pete ‘ . . ' ae cue €0 0 08 oo * 88 . a a asces  Alerten: Whee sep otha s Moreends matay arte. ste 
' a i ' : . fe soe eat M Beer & aso om Ss mee. aroe 0 aged aero oar De eatg Poe: 
7 4 1. ce ' ' ’ 148 1e@ ' eandt att 4 ' +. * PS ed ~Bmrd oe etme orm tqe B18 FOOT! pow DpH E- OF 
1 ' a ' +e esr ye eo’ * we oe a tt Midge 6h foe some peg entsee® a pachrte. 00010? 
. ‘ 1 ‘ ° se 1 eaeeares are A ee eerr @eaty e bie tories, TAC Tele 
4 ' se « 9 1 ro | ' a ' sme ee ua ~at of? be seme pte Iv regeeN der’ ih ahe pend ss esre 
. 1 . oe een 4 a) Ay ie aU Ie ayant 6 every 2 eee ‘hh get Poatet, HS Siam RAR Beet OK a. testie 
. ‘ on oe ’ a4 ' ’ 8 oe Revade Mh o 9 pm sarty bpd 0 ap Qe: My 1% aig, sy Oyo ee Rese stn a 
.e . Pa ‘ ' ". a ‘ ' Aerie | ‘ ad ene & Oy%e ate a ar mln a @ Ose © ry tp bay 6 Maa AE er 
ot Pa ' ae ' ry PY af ete ee 4%. ¥% gd wuts ne Sent OF O10 ity arte Oe on ats 
A ; ’ . ak ane Rts +a Se wince t40 ALO Sores te Wy preter b Seth, BiG. ¢- Be che Blech 0 Ne ets © adi Tey S¥t- 
a 1 ee ep hete |S wt ye © The Se DeRe wh Bakes 
. 1° me qntaptnns a. eens. NBS athe sb ee hy bs Gales Bean seem & 
: pe pide B9ern™ i mA FOTO ee te dame Re teh ee ecngaemeeetstse 29S uae 
’ ar ‘es aR 0 a ar & ene Fee on os eat ea is Vewatetay byes 
‘ . 1&2 hag Mr eseee D ( aybr bre fae heey oR 9 BS Oe ten OS 
. he Os 0 ep Ga Spee tee) 4 ys teeta Ae ert rtm tb See 
. ' eo) Booch Rae Soe eek cu, arerhaty 8 Sn me OFS ro 
: . ' oe er Boe Os IHSa Be eats tera ne ® 
1 7 net tere an ve: 
. ' =e oe 
’ . . 
A Pe 3d ewe ta 
' ar ae Pt CL esas vert 
1 . * Se mn Bp Gad dere dowend. “yes 
' 2° Ge, pees po 
. . ase tes! 
. * art \ dy tat: Ne NY maccregen | pare. 
' * Boh. on bens SENG Fagan cig tog Be 0 Or Say Ree ne E — 
ee te fe Orem ee te? CoS a gs te bey me bot wre 8 FO PON sobs 
. ‘ ° sh Nom 098 a ae Talat Ot ee tee teten tt? 
, es ae ETS YE babe Wake ee bem hs 
, tyme e ys 1g ep A ETS Ae ° 
5 ; reared ie & Se . 
oF Soa at Se > tah awd sept ose e SO Se ain taeonll a°* 
' ' ‘ " é oe athe oR ape ewe! hee 
" ry re tater’ ae ™ Be 
. ' one =9- 2 mm Bete *, = = yey 
i aay eyery cane tas SNA AS 1 Cy te See 
. Pg eran sd a} ee ee * 
° , Tom Puente y Bete te MENS Ninn He, Mawnn O27» 
’ 3a & es re pee ST aes 
$0 <= Jaren hemee oh 
es e,* 39°, % hia tied 8 te tame - ‘ - 
*, fare baa Se “fart 5 ta Vote nota rests Meet 
' ‘ y wb, ov-4 te & So BS ering eons ope ins he Ne 
‘ F . tad owe teveSetes tee Fg oad ent ome! Tag 8 0° Bo 
. ' Pa] Par * aie : omyt Be te Sn Sow GA, 
. e ° ‘ _ 
Pan tea) 
. ’ 
: meer). 
’ raseee % 68% 
y 4a Gorge UR 
. bp hy gemsedes Ss oS, 
P a Baty tye oF oe 
$ ar) 
1‘ 
i ’ 
s 
- eo. ' ‘ 
. oo! 
1 . ' 4 
cen 
. . 7 cc 
ene ° ‘ ee hente 
uJ oe 1 
. ul ein 
' ore 
« 2. 8 LJ 
4 
s . 
° A ° 
° ar 4 ma: 
: BF Es 0 ape ES 
; : ° ie OK Ss S 
. 1 . 
. ‘ 
aa . os 
’ . . . . 
¢ e - 
. ‘ ' . . 
. ” 
‘ . 
‘ . ¢ 
. Cand 28 
on 
. . 1] ' 
se of ' 'o 
1 . 7 ' ® . o certs 2,8 
2, Um e.e é 
' U wh paves! steset 
' : F ’ és ’ eaeat eo'sgo ‘ 
t Prue ae eh eae ee - Pa Sy 
: : ; wee et vn ee ee cate ot ee Tag AAS % ed 
Lead og . Saawdry 8 oe ore pogo 0 Byoyw ge ay f EAT A ks po pra geass Serene 
PE ol Ue shade oven ee yr":  eahw, a" Fe, UP ee A 
wets Vee Dwioww e 4 A vk cated * re UR Apr ‘gig sr adage 
- > Py piegr < Pe ed om he ire “mere pio o—, 
. - te 4 2 aoe Fe vere ene oS. . grrr ecptiees rh cn sp Wt CTE. 
wpe wm Ue ow he predet ss  er e Bowe oe Mine £ FY ee al 
ee Se a quotes ereres Hegwrnne ‘ oot PT Oy ate 
rar,” “ ote oe heel al Co ee we es 
sl aes entcaneine © A 


eo ee Se. 


et eel Ge 
=F 
cicat 






PT oe Dane ee tw rr 
n* Naee ae 




























































s ' . 
ef ° se ot € ,'-= ae 
ope gt owe * . Po eI aie Mle ce ys ° 
a8 . ’ ' . age? ce pauls oF Aer ‘i . y 
ae ee wae oe a a fe. ie pow eee rd Pa i be eer weet Pe ee altel 
4 oe ' avrte ° os wee ° ata wreees a oe Por ad Poawteeeee were aes wo Fe ai 
» se os . ° ° aot MAE ta we Bout~ ao awe ome ate queues oer egine pre 
a : pte . ae fee weer eres ® . aatgh So a 3 pines w eouwwd f 
oars ies fe ts eee ows o Po Pe” so fees a, Caen packet PLM ELAS, - “g pe ome 
oe, ea . pie pe Yo oa wee ee Pa on eo rere gr rm ghee ” per grate PO ON oe rere: vi o “ x Om 
re eae, . quot 8 er wes to eS ao he oan rece. tke Tee es 6 e™ OF yrs? rE hie tee” sae fag re ° 
Wen. 62 teers wo ee paweay oye ete een "owt ® oe emi ne geese” pw peeine ra ywsts na eneenet > eae, 
° é wo. ees af - On Lied eerrog 8 HE 7 up ot Ter @ At er @ 16 @ re omer ences et y sane om © mtn 
’ Pa i an a “ww ee A de aa PT dead ee nae oe ae RN ee eed 
' t oo ree “i toe vow, ane ade me pre fhe rn eee eaek® warner 
ry r '’ weha erste FE Pee le ae ied ob pre eee” spew Pipher prem ee, wr gles ght 
‘ . Ce oaget oo? er fimego festa ' OT ont o— 
oe? oh fe we pee , 1g BOTs OTE re we 0 pa pue ae 
we s* earnest eo, tee et 9 OY Fy id 
eee ' we hess wr of 
’ CY ei 2 te 
aie ae e7'? soni eee F&F < 
"e ogee a ea f reer ete 
ae es aes er oer mee oe yentute s00r o yas nee 
Pins 167 wie” Pe ayer e ~ peereen de osgrae 
age’ 9 
a PP id Pe 
> wane 6 re pe : ¢ 
ec te Cyesen es = dle bone wine? ye rf 
rn gate 18 er pf paaed wre Reese OF aww £ ‘aie 
tt ol ohetaldia 










err Le act caer 7 
+ (pape he wera #° 











‘ 
Pye ee! ' 
¢ » oo? ome . * ‘ 5 
Pr a ae wr it ? 3.8 wee, wee 1 4 cx. ce am 3 A 
" . ae ‘ . of ae a pee eemee oe aoe > (hl aaledat aeere ! 
a aratarans SI Aaa ‘ eae ie pe Feats ‘ LE Sea ren bae ame te, S Fae 
US pee sree mrere 0. 8eT werd 60 eee wears ae ee age Bie wt ie On sees TELS vee eo rane & oe 
sooyue? plege care ar Ge st £090 Fhe sense irae ge ripe Bue FOOL 718 ape 
fe osg yoo tare - rhe covers Peer ren Tpncar igs ps ot pane! ferret 
"yrmeenww © | al leet TL ead dane rgd rer otter 
own yns are” padanie nero ene (ot Pe hk “ 
a a we ot hd dhe Seen” ao 
pT potencies 
haat le 












“ Beas rie oeaige ewer 
owe FS seven sweres OPN dtl ae ake pb gh oe ppety 
PTE ra oe ake pb tart 3° po igs wi 
; Reinet eee ONS at deg 
oan yee 1008 
























av 7a? 

wei +e r* Pe ol res 

rt es yingertied o® pene i Per pe egbies rt sae oo fag 
FD aw a prrrerr & emt ee aba! Coe 09 © 

ot Oe ree LF es deban 6 Wi Kites p Pee. kath Sp 1 gegrerrAas oe e OO ey 

aa of 398 Pine DS eae TE Best ce tay erm < aan vee 

ar: je tesig grdepe aa ir Ln OO eR po ont a INE eis gr aoae 

$, ro Ce ere oe raneate 

e ee wie 

or a rere 






aga weet ou 

comre ee aces acetet es Orr PSP TY 
aca vv 2? ¢ ce Meee 290 6 HOF 

tt oh ert pwns pr wtie' Pats nets oA ae 

Yotat wag a co wt ew ee, wren re 

“s war Pace Re eat pene sence pie wet 

OP at | al Pe dh ee 

cee preer 90 Ua NOS 7 on poreanese 

ane ey OE LOO Te ahr 











aus « ote 

* Wiese . ae oe 

1a See ea orwes™ 
Brava seers 6 


. 
realtone % , wie 

ae ov emo en 
' 
















” seen 
(igh "ed wren 

‘ae twely ea 
ett © atiotie! ate 


ot hlen-en a wl ie 


















at's et 
‘so ¥ yD Pee 
ot 


















yore 


» coo? yy ete” 


hep he? 9 


" 4300 9? 823" 3 
: ae bet phy ark th erlene ae sav ; 
pire ae 970 


Pel geek ee ee ein erd Aart We eae gare 
? Aa 9 rh onpeph ives 


etch aA. Let r4 %. % ee 
a erp per & To ahd J 
eh 0 te SAS pepe ts? wee Foe oS 
or wele wi wed 
Jeses pain pee are 
ever eleror 









ans’ 
eons pO pee F yete hte 
: de rd hs gurse RPT: 

























’ 
ar a or , » Bae re 
sur'h tty cere ptreire 9 oe oe 
pa PT ad i ot 
Ase Ries pS ee ‘ 
wre ows 


eg ita 
prede 










reosur 
’ Fat i ele - 

















NAVAL POSTGRADUATE SCHOOL 


Monterey, California 


COMPOSITE RELIABILITY ENHANCEMENT 
VIA PRELOADING 


by 


Mark Christopher Jones 


a 6 * 


September 1988 
Thesis Advisor: Edward M. Wu 





Approved for public release; distribution is unlimited. 


T239015 





UNCLASSIFIED 


en eet eee 


SECURITY CLASSIFICATION OF THIS PAGE 


REPORT DOCUMENTATION PAGE 


mda. REPORT SECURITY CLASSIFICATION lb RESTRICTIVE MARKINGS 


UNCLASSIFIED 
2a. SECURITY CLASSIFICATION AUTHORITY 















3 DISTRIBUTION / AVAILABILITY OF REPORT 


Approved for public release: distribution 
is unlimited. 






2b. DECLASSIFICATION / DOWNGRADING SCHEDULE 


4. PERFORMING ORGANIZATION REPORT NUMBER(S) 9 MONITORING ORGANIZATION REPORT NUMBER(S) 





6a. NAME OF PERFORMING ORGANIZATION 6b OFFIGE SYMBOL 


Naval Postgraduate School (if applicable) 
69 


7a. NAME OF MONITORING ORGANIZATION 
Naval Postgraduate School 





6c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code) 


Monterey, CA 93943-5000 


8a. NAME OF FUNDING /SPONSORING 8b. OFFICE SYMBOL 
ORGANIZATION ({f applicable) 


Monterey, CA 93943-5000 


9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 





10, SOURCE OF FUNDING NUMBERS 


PROGRAM PROJECT TASK WORK UNIT 
ELEMENT NO. NO NO ACCESSION NO. 
11. TITLE (include Security Classification) 


COMPOSITE RELIABILITY ENHANCEMENT VIA PRELOADING 


12. PERSONAL AUTHOR(S) 
Jones, Mark C 


13a. TYPE OF REPORT | 13b TIME COVERED 14. DATE OF REPORT (Year, Month, Day) 
Master's Thesis FROM TO September 1988 156 

ee EEMENTARY NOTATION The views expressed in this thesis are those of the author and do 
not reflect the official policy or position of the Department of Defense or the U.S. Govt. 


7 . COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number) 
FIELD | GROUP |  SUB-GROUP__| . ahe7s . 
— | Composites, reliability, prestressing, preload, 


ee weibull strength distribution 





8c. ADDRESS (City, State, and ZIP Code) 





19. ABSTRACT (Continue on reverse if necessary and identify by block number) 


Composite strength is an inverse function of the size of the composite. As the use of 
composites expands into larger applications, such as airplane wings, missile components and 
Ship superstructures the ability to accurately predict composite performance for large 
applications has become more important. The composite failure process is sequential and 
initiates with early breaking of the weak fibers. Concentration of breakage sites 
accumulate and lead to ultimately catastrophic failure. Prestressing fibers prior to 
Solidification of the matrix has been demonstrated to increase the reliability of the 
composite by minimizing the spatial concentration of the breakage sights. 

This study concentrates on quantifying the level of preload and gauge length to 
optimize the prestress effect. Computer simulations of graphite bundle tests were used to 
Validiate actual AS-4 graphite bundle tests. The simulations were then extended to 
Predict prestress performance. 





20. DISTRIBUTION / AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION 
UNCLASSIFIED/UNLIMITED [J SAME AS RPT C otic users | Unclassified 


22a. NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (include Area Code) | 22c OFFICE SYMBOL 
Professor Edward M. Wu 408 646-3459 67Wu 


DD FORM 1473, 84 MAR 83 APR edition may be used until exhausted SECURITY CLASSIFICATION OF THIS PAGE 
Ail other editions are obsolete ® U.S. Government Printing Office: 1986—606-243 


; UNCLASSIFIED 





Approved for public release; distribution is unlimited. 


Composite Reliability Enhancement Via Preloading 


by 


Mark Christopher Jones 
Lieutenant, United States Navy 
B.S.M.E., University of Michigan, 1980 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN MECHANICAL ENGINEERING 
from the 


NAVAL POSTGRADUATE SCHOOL 
September 1988 


ABSTRACT 


Composite strength is an inverse function of the size of the com- 
posite. As the use of composites expands into larger applications, 
such as airplane wings, missile components, and ship superstructures, 
the ability to accurately predict composite performance for large 
applications has become more important. The composite failure pro- 
cess is sequential and initiates with early breaking of the weak fibers. 
Concentration of breakage sites accumulates and leads to ultimately 
catastrophic failure. Prestressing fibers prior to solidification of the 
matrix has been demonstrated to increase the reliability of the com- 
posite by minimizing the spatial concentration of the breakage sights. 

This study concentrates on quantifying the level of preload and 
gauge length to optimize the prestress effect. Computer simulations of 
graphite bundle tests were used to validate the data analysis method- 
ologies applied to actual AS-4 graphite bundle tests. The actual 
experimental results are consistent with computer-simulated 


behaviors. 
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I. INTRODUCTION 


In the 1980s, the capability of military equipment has increased 
exponentially. Modern aircraft fly further and carry greater payloads, 
missiles have larger warheads and greater ranges, tanks have bigger 
guns and tougher armor, and ships have more capable but lighter 
weapon systems along with improved armor plating. Engineering 
improvements in the areas of electronics and composite materials 
have been on the leading edge of this technological revolution. 

As reported in the fourteenth edition of Ships and Aircraft of the 
U. S. Fleet, the AV-8B Harrier II VSTOL attack aircraft “provides twice 
the payload of the AV-8A with up to 9200 lbs of external stores.” The 
primary difference between the AV-8A and the AV-8B is the extensive 
use of composite materials in the wing and fuselage. This is just one 
example of the use of composite materials in existing military applica- 
tions. New applications include the VS-22 Osprey tilt rotor aircraft, 
whose wing and fuselage will be entirely made of graphite epoxy com- 
posite material. Emerging “stealth” technology and its application to 
aircraft is a further new application of composites. 

Composites offer designers many attractive features. These 
include very high strength-to-weight ratios, high stiffness-to-weight 
ratios, wear resistance, controllable heat expansion coefficients, cor- 
rosion resistance, fatigue resistance, low price, and ease of manufac- 


turing and repairability. The field is expanding rapidly and research is 


bringing to the designer stronger, tougher, and stiffer materials every 
day. 

A hurdle to be overcome for composites, however, is the general 
lack of understanding of the physics and mechanisms at work in the 
composite which give these materials their unique properties. This 
lack of understanding has restrained designers’ ability to accurately 
predict composite strength. To compensate for this, large factors of 
safety are being used in the design of composite structures, which in 
turn adds weight and size and causes other related problems that 
reduce design efficiency. As the application of composite materials has 
expanded to larger and larger components, such as entire fuselages, 
rocket motor cases, and gun turrets, this problems has become 
magnified. 

Composite materials are two or more dissimilar materials that 
when properly combined form a new material whose properties 
exceed either of the individual constituents. For the designer, com- 
posite materials provide an ability not only to optimize his design but 
also to optimize the material to be used for the design. Material prop- 
erties of conventional materials that can be improved upon by using 
composites include stiffness, corrosion resistance, wear resistance, 
strength-to-weight ratio, and radar wave absorbability and reflectivity. 
Composites in use today include fiberglass, WEST (Wood Epoxy 
Saturation Technique), graphite-epoxy, Aramid-epoxy, and Boron- 
epoxy. Composite materials also include graphite-aluminum and hybrid 


composites of more than two constituents. 


Commonly accepted types of composites are the fibrous compos- 
ites, which consist of fibers in a matrix; laminated composites, which 
consist of layers of various materials; and particulate composites, which 
are composed of particles in a matrix. The composite is fabricated by 
combing the reinforcement material into a generally ductile matrix 
such as epoxy. This lay-up is called a lamina. Several layers of lamina 
may be combined in prescribed geometrical orientations to create a 
laminate. The designer specifies his materials and then designs the 
laminate to meet his requirements. 

Until the early 1980s material properties of composites were 
predicted by a simple principle called the “rule of mixtures.” This 
approximation assumed that each constituent of the composite con- 
tributed to the overall composite property in direct proportion to its 
property weighted by its volume percentage in the composite. This 
linear weighting method was satisfactory for composite physical prop- 
erties, which are averaged combinations of the constituent properties 
such as density and stiffness. 

However, the “rule of mixture” is very inaccurate for those physi- 
cal properties which are governed by extreme values such as perme- 
ation and strength. For such properties, considerable testing of a 
specific composite is needed to achieve representative material prop- 
erty values suitable for engineering design and reliability assurance. 
Not only are large amounts of data required for each specific 
composite but the designer’s material selections become limited to 


only those composites which have been tested. This characterization 


methodology could not keep up with the rapid pace of the 
introduction of new materials. 

Clearly, a characterization method was needed to be able to 
predict composite material properties, particularly strength, if the full 
advantage of composites was to be obtained. Much work has been 
completed in the area by researchers such as Phoenix, Rosen, Harlow, 
and Wu. The most current papers on reliability and strength predic- 
tions of composites may be found in References 1, 2, 3, and 4. The 
most significant part of their efforts is that they have identified that 
the strength of composites is a probabilistic manifestation of the sta- 
tistical strength of the fiber strength. The statistics of the fiber 
strength govern the number of failure sites in a composite. The proba- 
bilistic spatial distribution of the failure sites together with the failure 
mechanism govern the strength of a specific composite. 

Different probabilistic models have evolved to capture the essence 
of the failure mechanisms. The simplest model is the “weakest link 
model,” which envisions the entire composite as a long thin fiber; the 
entire chain (the composite) fails when the weakest link of the fiber 
fails. This model does not account for the redundancy provided by the 
matrix and as a result grossly underestimates the strength of the com- 
posite. The “equal load-sharing model” accounts for the redundancy 
provided by the matrix through definition of an effective length, an 
isolation parameter for the initial breaks. However, this model does 
not account for the stress concentration around the breaks and, as a 


result, over-predicts the composite strength. Finally, the “local 


load-sharing model” accounts for both the matrix redundancy and the 
local stress concentration. These refinements lead to the most 
realistic predictions to date. 

There are two phenomena relating to the statistical strength of 
composites. The first is that the larger a composite becomes, the 
weaker it gets. The second phenomenon is that the larger a compos- 
ite, the less strength scatter among such large structures. This is due 
to the the lower weak tail of the strength distributions of the con- 
stituent fibers. This effect has been demonstrated in the laboratory 
and in the field. 

An extension of this theory then becomes that if the fibers are 
preloaded to break the weak sections of the fiber prior to their lay-up 
into the matrix, then the lower tail of the composite strength 
distribution is reduced and, in fact, becomes bounded by a value. This 
process is called prestressing. For a prescribed value, the strength and 
reliability of the composite may then be theoretically calculated for a 
given fiber and the magnitude of preload based on the modified fiber 
distribution. The variables to be determined to prestress a composite 
include the magnitude of the preload, the gauge length to which the 
load is applied, and the modified fiber parameters. 

The ability to accurately recover the fiber strength parameters for 
small (less than 2.5 cm) gauge lengths is very important if the pre- 
stress effect is to be optimized. The bundle testing done in the labora- 
tory yields data that includes not only the fiber data but also machine 


compliance, slack, and friction. For short gauge lengths, the 


contributions of slack and friction are small but compliance becomes 
relatively large. The portion of displacement contributed to by the 
experimental system compliance in a bundle test needs to be removed 
from the data if the true fiber parameters are to be obtained. 

This study entailed the mathematical simulation modeling of 
strength prediction for a bundle of fibers with no matrix. This simula- 
tion was run on an IBM Personal Computer using Microsoft Fortran 
4.01 for source code and Lotus 1-2-3 for graphing. When the simula- 
tion program had been validated, a zero gauge length bundle test was 
completed to measure the INSTRON fiber bundle testing machine 
compliance. A set of procedures was written to optimize a curve fit of 
the compliance data to provide an explicit equation which models the 
INSTRON system compliance. 

When this procedure had been validated, bundle tests of varying 
lengths were tested at the Mechanics of Materials for Composites Lab- 
oratory at the Naval Postgraduate School. The displacement con- 
tributed to the test data by the INSTRON system compliance was 
removed from the total displacement. Under another thesis effort, this 
rectified data was analyzed in order to extract the fiber statistical 
strength distribution parameters. 

The purpose of this investigation was to validate the experimental 
procedures and data analysis methods with the use of computer simu- 
lated data. Data generated from Monte Carlo simulation using known 
parameters is then utilized to assist in experimental design and the 


associated prediction theory. Experimental design and data 


interpretation methodology provide a proven foundation toward iden- 
tification of an optimum gauge length for prestressing in order to 


guarantee the reliability of composite structures. 


II. BACKGROUND 


The tensile failure process of composite materials is a complex 
sequential combination of many different processes. These processes 
are controlled by the statistical strength of the fiber and the relative 
spatial clustering of the broken fiber sites within a composite. Given a 
probabilistic model which is capable of characterizing the sequential 
failure mechanisms, a formula can be derived to predict the 
probabilistic strength of the composite in terms of the statistical 
strength of the fiber. The parameters for such a probabilistic models 
can then be expressed in terms of other common measures of central 
tendencies (e.g., mean composite strength) and dispersions (e.g., 


strength scatter). 


A. COMPOSITE STRENGTH PREDICTION 
The prediction of the probabilistic strength of a composite as a 
function of fiber statistics was first introduced by B. W. Rosen in 
Reference 5, in the early sixties. He refined the simple weakest link 
model (which is essentially a series model) by accounting for the 
redundancy introduced by the presence of a matrix binder. The com- 
posite geometry he examined is shown below: 
e a single layer of fibers 
e evenly distributed throughout the matrix 
¢ no fibers are in contact with other fibers 


e the load is purely axial and in tension. 


The strength of a single lamina of composite material is con- 
trolled by four factors: 
¢ The strength and modulus distributions of the fiber. 
e The strength and modulus distributions of the matrix. 


¢ The interaction between the fiber and the matrix with respect to 
load sharing and stress concentration. 


¢ The location distribution of relative strengths of the fibers with 
respect to the location distribution of relative strengths of the 
matrix. 

When a composite is pulled in tension, because the fiber generally 
has a much higher modulus as compared to the matrix (e.g., graphite 
108 Psi versus epoxy 104 psi), the fibers will carry most of the load. 
The load-carrying capability of the matrix can be neglected. 


As the load is increased, each fiber will carry an equal amount of 


load that is equal to the applied load divided by the number of fibers. 


Pea Fe/n (1) 


The load on each fiber will be equal, but because the diameter of 
the fibers is not constant, the stress carried at each point in the fiber 
will be different. The stress will vary inversely to the diameter of the 
fiber. Some of the variations are regions of gradual thinning, others are 
indentations or nicks. These areas of reduced thickness or indenta- 
tions or nicks are called “flaws.” These flaws reduce the load-carrying 
capability of the fiber by reducing its thickness and introducing stress 


concentration areas in the fiber. 


A great deal of study has been done in identifying and quantifying 
the effect of these flaws on a microscopic scale. The work of Phoenix 
and Harlow proposed that on a macroscopic scale, if the flaws are dis- 
tributed randomly with respect to location on the fibers and normally 
with respect to the severity of the flaw, then the strength of a fiber 
can be modeled as a long chain of segments. The strength of the seg- 
ments may be modeled using the Weibull distribution. The model 
selection is expanded in Appendix A. The Weibull distribution is an 
appropriate model for the probability of failure of a chain with many 


links. 


F(x) = 1 - exp [-(x/Bx)@] (2) 


Where x 


is the load applied to the fiber (the chain) 


O is the shape parameter characterizing the variability 


Bx = is the scale parameter characterizing central location 
of the failure strengths. 


The Weibull distribution for strength predicts the “size effect.” 
That is, if the parameters are known for one given length, the 
parameters for any other lengths of the same material can be com- 
puted. This is also expanded in Appendix A. 

As the load increases on the material, the stress on each segment 
of the fiber will increase as well. When the load reaches a point where 
the resulting stress is equal to the ultimate strength of a segment, that 
segment of fiber will break. This break will release a certain amount of 


strain energy into the composite. It will also cause an immediate local 
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load concentration that will be felt by the adjacent and surrounding 
fibers. 

The matrix, via its shear stress carrying capability, will attempt to 
absorb the released strain energy and distribute the local load concen- 
tration to the surrounding fibers. The actual values of the stress con- 
centration factors caused by the fiber break are not known, but shear 
leg analysis yields reasonable approximations. 

Once one fiber segment breaks, many events can occur. The first 
is that the matrix is strong enough to absorb the released strain 
energy and the surrounding fiber elements are capable of carrying the 
local load concentration. If this occurs, the material is stable and the 


load on each fiber will increase to 


Pr = Py/(1 - n) (3) 


Where n represents the number of broken fibers. 

Another possibility is that the matrix can not absorb the released 
strain energy. In this case the matrix will split as it fails in shear. The 
material will continue to tear until its radius is such that the stress 
concentration decreases to a point below the ultimate strength of a 
section of the matrix. The fibers in this region will then be subjected 
to additional stress as the matrix pulls away. If the segments of the 
matrix are strong enough to carry the additional load, the material will 
then again become stable. 

A further possibility is that the adjacent fiber segment may not be 
able to withstand the stress caused by the first fiber failure. In this 


1] 


case, that fiber segment will break and cause additional strain energy 
to be released. This reaction is called auto clustering. The process will 
continue until it is interrupted by a fiber segment that is strong 
enough to carry the stress or the entire piece fails catastrophically. 
Some observations of the description above: The composite may 
fail due to either the local strength of the matrix or the local strength 
of the fiber or a combination of both. The likely initiation of the failure 
process will occur with a fiber break because the strength scatter or 
variance of the fiber is typically greater than that of the matrix giving 
rise to nucleation sites at already high stress regions. The chain of 
events that occur after that first break is dependent on the strength 
statistics of the adjoining matrix and fibers. If there are many strong 
segments Surrounding a weak segment that fails, then additional 
material will not fail. If, however, this is not the case, then further 
damage occurs which may lead to final unstable catastrophic failure. 
From the previously described failure process, it can be observed 
that the strength of the composite is dependent on the nucleating 
weak segments and the probability of there being another weak seg- 
ment nearby. Therefore, the shape factor of the fiber strength distri- 
bution is the critical element that controls composite strength and 
reliability. Because of the mechanism of failure, as a composite 
becomes larger, the number of the population of fiber segments 
increases and the likelihood of the existence of very weak segments 
becomes larger. This causes the strength of the entire composite to 


decrease. 


Z 


Another observation is that because the strength of the composite 
is controlled by the weak fiber segments, the strength may not be 
solved for explicitly because the actual value of the weak segments is 
probabilistic. The strength of adjoining segments is probabilistic, as 
well. 

Prestressing solves two critical problems. First, it sets the lower 
limit of the strength of the segments by eliminating the weak seg- 
ments by causing them to break prior to the application of matrix. 
Second, prestressing causes the weak segments to be broken without 
local load stress concentrations affecting the adjacent fibers and with- 
out the localized dynamic strain energy release because the weak seg- 
ments are broken before the matrix is solidified. This results in auto 
clustering being minimized. 

The critical implementation problem is then to find the “segment 
length” to ensure that the majority of the weak segments are elimi- 
nated and then determine a prestress level. The prestress level may 
be optimized to a level where the advantages of breaking the weak 


segments is balanced by the introduction of clusters to the matrix. 


B. PRESTRESSING 

G. J. Mills and associates, under an United States Air Force-spon- 
sored project, conducted prestress tests on Boron fibers in the early 
1970s. In his reports, documented in References 5, 6, and 7, he 
detailed how his work demonstrated the feasibility of the concept and 
provided data from early experiments that supported his expectations. 


His paper did not attempt to model or predict the effect of 
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prestressing. He did note the effect of varying prestress gauge length 
and that as the gauge length decreased, the strength of the fiber 
increased, but he did not attempt to quantify an optimum length. He 
described the strength increase of the composite purely in terms of 
removal of weak segment and reducing the tail-end scatter of the 
fiber. He did not attempt to predict the performance of the composite 
once the matrix had been set. He did report that the strength did 
increase. 

In 1986, Lt. David Bell and Professor E. Wu of the Naval Postgrad- 
uate School conducted prestress tests on AS-4 graphite/epoxy. The 
results are published in Reference 9. The report’s experimental data 
confirmed the phenomenon of strength improvement after pre- 
stressing. This was in concurrence with Mills’ laboratory data. Both 
papers accounted for the improvement by theorizing that the process 
of prestressing improved the strength of a composite because it 
reduced the strength scatter of the composite. The work done by Bell 
and Wu was only done with one gauge length, 10", and even with the 
problems encountered in handling the samples, the material did show 
a significant reduction in scatter and therefore an increase in the 
usable strength reliability. 

Implementation of these findings to a practical application 
requires a model that can adequately predict the effect of prestressing 
as a function of prestress level, gauge length, and fiber strength 


parameters. 


14 


C. TESTING METHODS 

There are two methods in which fiber strength statistics can be 
measured. One method is to prepare and perform a breaking strength 
test on one individual fibers. The second method is to form many 
fibers into a bundle of parallel fibers and then perform a controlled 
strain rate failure test. 

The first method is very time consuming and error prone. The 
fibers are very thin (in the order of 10 um) and handling requires 
delicate treatment. Laboratory conditions must be carefully monitored 
as the small fibers are susceptible to damage caused by temperature, 
wind, abrasion, and other disturbances. In addition, each test only 
provides one single point of data. If failure probability data is required 
down to .00O1 failure rate, then at least 10,000 samples should be 
bested. 

Obviously, the second method is the preferred method. The bun- 
dle test, performed in our case on bundles of 1,000 filaments, will 
yield 1,000 data points with one test. The handling problems, while 
still present, are on a much more manageable level. The data analysis 
of the load vs. displacement data will yield the strength distribution 
parameters for the fiber that is equal to 1,000 individual filament 
tests. 

It is important then that we measure the true load and displace- 
ment for just the fibers. The displacement that the testing machine 
measures is the sum of the fiber displacement, machine compliance, 


electronic noise, slack in the individual fibers, and friction between 
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the fibers. Figure 1 demonstrates that test data is the combination of 


all of these factors. 


<#- Compliance <4 Test Data 


" ERIGEiCn 


Slack 


Figure 1 
Typical Bundle Test Data Graph 


The compliance is due to the mechanical construction of the 
testing machine. The machine operates with gears, clutches, and 
motors. Each of these has an initial start-up slip or backlash. The 
machine also has grips which hold the samples and the bases which 
will elongate under load. They are very stiff and the elongation is small 
when compared to the bundles, except when the bundle gauge length 
is short. This is illustrated in Figure 2, where the displacement is 


shown as percent strain. The compliance for the long sample has a 
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greater slope than the short sample because the slope of the compli- 
ance in displacement multiplied is by the gauge length for percent 


strain. 
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Figure 2 


Effect of Compliance on Long-Gauge Length 
vs. Short-Gauge Length 


The compliance of the machine can be measured if the there is no 
contribution to the displacement from the fibers. This is achieved 
using a zero gauge length sample. A sample must be utilized to include 
the sample grip mechanism in the compliance. A curve-fitting 
approximation is then applied to the data to create a continuous func- 
tion of d in terms of P. This function may then be subtracted from the 
test data to eliminate the effect of compliance. This procedure and 


testing is expanded in Appendix C. 


Ly 


The effect of noise is sensed in the load cell. The sensitivity of the 
load cell is 1 out of 10,000. This is due to the limit of the analog-to- 
digital converter, which can only manage four bits of data. The amount 
of noise in the machine sensed by the load cell is very small when 
compared to the sensitivity of the load cell. As the load increase and 
the output changes in order of magnitude, the noise is not even 
noticeable. The noise in the machine is considered to be random 
electrical white noise due to interference in the data transmission 
lines. Observation of the data indicates that the noise is not very 
significant. 

A simulation program was written during this study that allowed 
the user to input random noise up to any level. This will allow simula- 
tions to be run and investigate the effect of noise on the fiber strength 
parameters recovered from the simulated test. 

The slack is due to the limitation of the sample preparation that 
all the fibers do not have exactly the same gauge length. This problem 
is found to be greater with the longer samples as compared to the 
short samples. The slack can not be eliminated by current sample 
preparation techniques, but extreme care by the technician in 
preparing the sample can minimize the effect. 

Lt. Joseph Schmidt is examining the effects of slack on the calcu- 
lated fiber parameters and expects to publish the results of his study 
in September 1988, from the Naval Postgraduate School, Monterey. 

The effect of friction in the bundle test cannot not be definitively 


characterized. The presence of friction is manifested by large vertical 
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drops in the load displacement curve, perhaps due to the tangling of 
broken fibers with unbroken fibers. The friction also will cause a fibers 
to break more than once. The effects of friction do increase with 
longer gauge lengths and are reduced with shorter gauge lengths. 

With these factors that affect the data of the testing machine 
accounted for, the true fiber strength statistics may be recovered from 
the bundle tests. These statistics may then by used to optimize the 
prestress effect by calculating the effect prestressing will have in 


altering the fiber strength distribution. 


ee, 


Ill, PRESTRESSING MECHANISM 


The prestressing process is to preload the composite fibers prior 
to solidification of the matrix to cause the weak segments of the fibers 
to break. The load that was carried by the broken filaments is then 
shared equally among the remaining fibers. Equal load sharing is in 
effect because the pre-solidified matrix cannot support a shear load 
and cause stress concentration cells to form. Upon solidification of the 
matrix, however, local load sharing is in effect, thereby increasing the 
local redundancy. Because the weak segments of the fibers were 
broken prior to solidification of the matrix, the local load concentra- 
tion stress cells are not as severe as if the fibers had broken while in 
the matrix. The reduction in the severity of the stress concentration 
cells provides the reliability enhancement of the composite and is the 
motivation for prestressing. 

The parameters that affect the prestress effect are gauge length, 
prestress magnitude, and the fiber strength distribution statistics. The 
optimum gauge length to prestress the fibers would be the ineffective 
length. The ineffective length, as described by Rosen in Reference 5, 
is a function of both the tensile strength of the fiber and of the shear 
strength of the matrix. This makes the ineffective length unique for 
each composite, and because both strengths are random variables, the 
ineffective length for a particular location in the composite is random 


as well. 
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As the gauge length increases, the likelihood of breaking all of the 
weak segments in the fiber decreases. This is because using the equiv- 
alent load sharing model, it is only possible to cause one break in each 
fiber over the gauge length. The break occurs at the weakest flaw, 
which may occur before reaching the desired prestress level. As illus- 
trated in Figure 3, this allows other flaws weaker than the prestress 


level to remain unbroken. 
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Figure 3 
Effect of Preloading for Various Gauge Lengths 
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When the prestressed fiber is placed into a matrix, the local load- 
sharing model becomes applicable. With this model, the weak flaws in 
the composite will break under load and generate the larger stress 
concentration cells which prestressing is designed to minimize. The 
mathematical modeling of solving for the probability density function 
of remaining weak flaws given gauge lengths greater than the ineffec- 
tive length and prestress levels is very complex. This problem is being 
treated in a separate project. 

The preload level has two effects on the prestress effect. For 
higher prestress levels, more fiber breaks are introduced and more 
stress concentration cells will be created in the the composite once 
the matrix has solidified. The severity of the concentration cells is a 
function of the ineffective length. The shorter the ineffective length is, 
the smaller the stress concentration cell is because of less local load 
sharing. Second, the higher the preload level, the more difficult it 
becomes to grip or maintain the desired gauge length. The fibers by 
their nature have a small diameter, on the order of 5 microns for 
graphite, and are very susceptible to handling damage. 

The underlying fiber statistics also have an effect on the prestress 
effect. The fiber strength variability (the Weibull model shape parame- 
ter a), has the greatest influence on the prestress effect. As seen in 
Figure 4 , if the shape parameter is very high (a > 20 ), i.e., the fiber 
has low variability, then the prestress effect will not be very helpful. 
This is because the range of the distribution of the fiber strengths is 


very small and the weak tail that prestressing eliminates or reduces is 


ie 


inherently not present. Fibers of this strength uniformity, however, 
are not available at this time. If the shape parameter is small, then the 
scatter is much greater. With this scatter, the weak tail may be altered 


or removed by prestressing. 
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Figure 4 
Strength Distribution for Fibers (Weibull Model) 


The quantification of the prestressing effect can be written as a 


function. 


PS =f (®, ¥, a, B) (4) 


where @® = Gauge Length 
Y = Preload Level 
a = Fiber shape parameter, Weibull 
8B = Fiber scale parameter, Weibull 
The functional interrelation between these functions is presently 


not known and appropriate probabilistic modeling will be required. 
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One approach is to optimize each variable separately where possible. 
For example, the Weibull strength parameters characterize the fiber 
strength distribution. The prestress effect of the preload level and the 
gauge length will alter these parameters. The optimization of the 
effect on the alteration of these parameters on the reliability of the 
composite can be investigated as one means of optimizing the pre- 
stress effect. 

The probability of failure (F*) vs normalized load (x*/B) graph for 
the fibers (F) and composite (C) with the Failure Probability Density 
Function superimposed is shown in Figure 5. This figure demonstrates 
how the PDF can be transposed to a linear curve. The linear curve is 
much easier to use and because it reveals in great clarity what is hap- 
pening at the weak tail. This graph will be used to show the effect of 


prestressing with respect to failure probability. 


Fiber Statistics,f + Failure Model 
=> Composite Failure Probability 


For Composite Service Risk, F. 
Fiber Statisitcs Must be Assured 
for xX 2 Xc¢ 





Normalized strength 


Figure 5 
Probability of Failure vs. Normalized Strength 
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The probability of failure for the composite (C) is calculated from 
the fiber parameters. The composite reliability will diverge from the 
fiber reliability at X, because of the local load-sharing stress-concen- 
tration cells. These cells cause the composite fibers in the matrix to 
break earlier because the fibers adjoining a broken fiber have to carry 
the load carried by broken fiber by themselves, not spread equally 
amongst all of the remaining fibers. Until the load X<_, the two curves 
do not diverge and the reliability of the composite is equal to the reli- 
ability of the fibers. 

If the fibers have been damaged so that their distribution curve is 
modified to appear like that shown in Figure 6, the result on the com- 
posite strength can be seen. As the composite graph swings upward, 
its reliability is decreasing. The composite is stronger than the fiber 
due to the load sharing but its reliability for loads greater than X, has 
diminished. The composite reliability for loads below X_ has not 
changed at all. 

If the fibers’ strength distribution could be improved, the failure 
probability curve would be shifted, as shown in Figure 7. The impact 
on the composite strength is that the curve swings downward. This 
downward swing reflects greatly increased reliability. In fact, the 
composite will not fail theoretically at all for any load less than Xe. 

A method to achieve the fiber distribution in Figure 7 would be to 


proof test all of the composite fibers up to X. and then remove any 
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Probability of Failure vs. Normalized Strength (Damaged Fibers) 
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Figure 7 
Probability of Failure vs. Normalized Strength (Improved Fibers) 
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broken fibers from the bundle prior to adding the matrix. The effect of 
this process on the failure probability curve is shown in Figure 8 as 
curve R. The cost of this operation, considering the extreme thinness 
of the fibers, the susceptibility to damage due to handling, and the 
extreme amount of fibers that make up the composite, make this 


process in reality impossible. 


Xp 


Kp - Proof test Fibers 


f — Original distribution f 


R - Remove broken fibers 
Resultant distribution 


NRL - Not Remove broken fibers 
Long Gauge Length 
Resultant distribution 


NRS - Not Remove broken fibers 
Sere oauge lenge 
Resultant distribution 





Figure 8 
Effects on Failure Probability Curves Due to Proof Testing 


Instead, what may be done is to preload the fibers to X_ on a gauge 
length equal to the ineffective length of the fiber. Because of the han- 


dling difficulties, the broken fibers will not be removed. The effect of 


IAT 


this process on the failure probability curve is shown in Figure 8 as 
curve NRS. 

The NRS curve has swung downward as compared to the original 
fiber curve, but it has not swung as far down as if the broken fibers had 
been removed. The reason it does not swing as far is the local load- 
sharing stress-concentration cells that are created when the matrix is 
added. 

If the fibers are preloaded to X_ but on a gauge length that is 
greater than the ineffective length, the effect on the failure probability 
curve is shown on Figure 8 as curve NRL. This curve swings downward 
from the original fiber curve even less because of the probability that 
some fibers remain with segments that are weaker than the preload. 

As previously stated, the strength of the composite may be calcu- 
lated from the strength of the fibers. If the the fiber strength distribu- 
tions are altered as shown in Figure 8, the composite strength 
distribution will be altered in the same direction as well. Using this, a 
designer of a composite may then use a failure probability curve to 
determine whether his design meets his reliability specifications. If it 
does not, he may then decide to improve the composite by prestress- 
ing the fibers to a critical load to alter the failure probability to come 
within the requirements. 

The movement of the failure probability curve can be predicted by 
probability modeling based on the preload level, the gauge length, the 
ineffective length, and the original fiber strength parameters. The 


results of such an analysis (by Wu and Harlow) on the fiber swing for a 


Ze 


fiber preloaded at the level 0.3 * B , for an a of 5.0 and prestressed at 
multiples of its ineffective length, are shown in Figure 9. The graph 
demonstrates that even if the prestress gauge length is very large 
compared to the ineffective length, significant improvement of fiber 
strength distribution can be achieved. 

The optimization of the prestress effect is to identify the ineffec- 
tive length or to find the shortest prestress gauge length that can be 


applied. 
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Figume 2 


Probability of Failure vs. Normalized 


Strength Prestress Effect Simulation 
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IV. EXPERIMENTATION 


The experimental work was directed in two areas. The first was to 
measure the machine compliance of the INSTRON 4206 ( a universal 
materials testing machine) in order to characterize the testing 
machine system compliance denoted by the function 6, (P). Once this 
was completed, the second portion of the experimentation was to 
perform failure tests on AS-4 Graphite bundle samples of various 
lengths in order to determine the strength characteristics and to 
observe the effects of gauge length on the test results with respect to 
compliance, slack, noise, and friction. Bundle samples were tested 
with no oil and then with oil in an attempt to reduce the effects of 
friction, particularly on the longer samples of 50 and 25 cm. Small- 
gauge lengths of 2.5 and 1 cm were tested with particular interest 


with respect to the examination of their suitability to preloading. 


A. COMPLIANCE TESTING 

The compliance testing was accomplished using a sample illus- 
trated in Figure 10. The copper tabs were prepared and washed with a 
dilute acid to enhance the performance of the adhesive. The graphite 
bundle was glued to the lower set of copper tabs with acetylene adhe- 
sive. The upper tabs were then set so that the distance (d) between 
the the upper and lower tabs was as near zero as possible. The 


graphite bundle was then glued into place with the same adhesive. The 
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sample was prepared by Composites Laboratory Technician, Jim 


Nageotte. 






Copper Tabs 
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Graphite 
Bundle 
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Figure 10 


Compliance Test Sample 


The tensile test was performed on the INSTRON 4206 testing 
machine and associated INSTRON software, version 4.01 . A plot of the 
load vs. displacement is shown as Figure 11. The data and test sum- 
mary forms generated by the software are enclosed in Appendix E. 

The compliance data was then fit to the function shown as Equa- 
tion 4. This was done in accordance with the procedure for curve fit- 
ting detailed in Appendix C. The curve fitting was accomplished with 
the use of LOTUS 1-2-3 spreadsheet program and an IBM/AT. The 
resulting coefficients for the curve fit of the compliance are listed in 


Table I. 
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Figure 11 
Compliance Test Load vs. Displacement Graph 
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INSTRON 4206 Compliance Curve Fit Function 


For 0 <6 < Decl 6 (P) = A, (P)B + Ao 
For Dcl < 6 6 (P) = As(P) + Ag (4) 
TABLE 1 


INSTRON 4206 COMPLIANCE CURVE FIT COEFFICIENTS 


Coefficient Value Units 
Aj (OorZ mm 
Ag -.0217 mm 
n 1975 ~~ 
A3 .0064 mm/kg 
Ay 0242 mm 


B. BUNDLE TESTING 

The bundle testing was accomplished with the use of samples as 
illustrated in Figure 12. The copper tabs were prepared and washed 
with a dilute acid to enhance the performance of the adhesive. The 
graphite bundle was glued to the lower set of copper tabs with acety- 
lene adhesive. The upper tabs were then set so that the distance (d) 
between the the upper and lower tabs was the target gauge length. 
The graphite bundle was held straight with a 2 kg weight while the 
upper tabs were glued in place. The samples were carefully stored in 
the Composites Laboratory until use. As in the case of the compliance 
test sample, all of the samples tested were prepared by Laboratory 


Technician, Mr. Jim Nageotte. 
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Figure 12 


Graphite Bundle Sample 


The bundle tests were performed on AS-4 Graphite bundles of 
3,000 filaments. The tests were run in accordance with the procedure 
outlined in Appendix D. The displacement due to compliance was sub- 
tracted from the total displacement and a summary of the the results 
is listed in Table 2. The data and test summary forms generated by the 


software are enclosed in Appendix E. 
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TABLE 2 


BUNDLE TESTING RESULTS (COMPLIANCE REMOVED) 


Material: 


Test # 


090901 
090902 
090903 
090904 
090905 
090906 
090907 
090908 
OSCE 
080901 
100901 
100902 
100903 
100904 
100905 
100906 
100907 
100908 


* Adhesive Failure 


AS-4 Graphite (3000 filaments) 


Dry/ 


Oil 


Gauge 


5.0 cm 
.) cm 

5 em 

.5 ecm 

.5 cm 

5 elm 
5.0 cm 
5-Orem 
2:.5-6€m 
70.0 cm 
2.5 em 
2.5 ei 
PWS) (00. 
50.0 cm 
50.0 cm 
50.0 cm 
25.0 cm 
25.0 cm 


Modulus 
Length 
(kg/mm) 


1068 


SZ 


915 


905 
959 


932 
oy 


a 


3.214 


4.465 


3.000 


3.035 
3.660 


3.964 
3.180 


Comments 
(mm /mm) 

FO1S35 

ak 

* 

* 

* 

* 

* 
.0145 

*k 

Test Validation 

O57 

* 

* 
OL OMEGE 
.0085 

Not Analyzed 

.0101 
.0097 


Examination of the load vs. percentage strain plots revealed the 


fact that for the shorter gauge lengths, 2.5 and 1 cm, the copper tabs 


failed to grip the graphite bundle uniformly. This caused some of the 


fibers to slip out of the tabs and the data from these tests were of no 


validity. The tests that had this phenomena are listed as adhesive fail- 


ure in the comments section of Table 2. Figure 13 shows a represen- 


tative example of this phenomenon as the load remains constant while 


the percent strain increases beyond the limit of the experiment. 
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Load vs. Percent Strain for Sample 100903 (Adhesive Failure) 
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An examination of Table 2 shows that seven of the 18 samples 


resulted in satisfactory tests. The seven successful tests results have 


been summarized into Table 3. 


TABLE 3 


BUNDLE TESTING RESULTS (COMPLIANCE REMOVED) 


SUCCESSFUL TESTS 
Material: AS-4 Graphite (8000 filaments) 
Test # Dry/ Gauge Modulus a 
Oil Length (mm /mm) 
(kg/mm) 
100901 Dry 2.9: Cilmi 915 3.000 OTe 
090901 Dry ©2.0 cm 1068 3.214 .O13e 
090908 Dry o.0 cm 912 4.465 .0145* 
100908 Dry 25.0 cm 917 3.180 .0097 
100907 Oil 25.0 cm 932 3.964 .0101 
100904 Dry 290.0 cm 905 3.035 OC 77 
100905 Oil 200.0 cm 959 3.660 .0085 


* Data not plotted 
Figures 14 through 32 are the graphs of load vs. percent strain of 


the test data, of the compliance, and of the test data with the fiber 


removed. 
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Load Cig) 


AS-4 BUNDLE TEST TEST DATA 


SAMPLE 100901 GAUGE LENGTH = 25 MM 


0 0.4 0.8 1.2 1.6 2 2.4 
Percent Stroin % 


Figure 14 
Load vs. Percent Strain Sample 100901 Test Data 
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Load Cig) 


AS—4 BUNDLE TEST COMPLIANCE 


SAMPLE 100901 GAUGE LENGTH = 25 MM 





$) 0.4 0.8 1.2 1.6 2 2.4 
Percent Stroin & 


Figure 15 
Load vs. Percent Strain Sample 100901 Compliance 
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AS—4 BUNDLE TEST COMPLIANCE REMOVED 


SAMPLE 1009¢1 GAUGE LENGTH = 25 MM 


Load Cig) 


G C.4 0.8 1.2 1.6 2 24 
Percent Strain % 


Figure 16 
Load vs. Percent Strain Sample 100901 Compliance Removed 
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Load Cig) 


AS-4 BUNDLE TEST TEST DATA 


SAMPLE C8@9C1 GAUGE LENGTH = 3 MM 
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Figure 17 
Load vs. Percent Strain Sample 090901 Test Data 
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Load Chg) 


AS-4 BUNDLE TEST COMPLIANCE 


SAMPLE 30901 GAUGE LENGTH = 50 MM 
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Figure 18 
Load vs. Percent Strain Sample 090901 Compliance 
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Load Ci<g) 


AS—4 BUNDLE TEST COMPLIANCE REMOVED 


SAMPLE GS095C1 GAUGE LENGTH = SO MM 
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Figure 19 


Load vs. Percent Strain Sample 090901 Compliance Removed 
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Load CiKq) 


AS-4 BUNDLE TEST TEST DATA 


SAMPLE 100908 GAUGE LENSTH = 230 WM 


'b) 0.4 0.8 1.2 1.6 2 2.4 
Percent Stroin % 


Figure 20 
Load vs. Percent Strain Sample 100908 Test Data 
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Load CKxa> 


AS-4 BUNDLE TEST COMPLIANCE 


SAMPLE 100908 GAUGE LENGTH = 250 WM 





tt} C.4 ¢.8 1.2 1.6 2 2.4 
Percent Stroin % 


Figure 21 
Load vs. Percent Strain Sample 100908 Compliance 
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Load Ccix<q@) 


AS—4 BUNDLE TEST COMPLIANCE REMOVED 


SAMPLE 100908 GAUGE LENGTH = 250 MM 


G 0.4 0.8 1.2 1.6 2 2.4 
Percent Sroin % 


Figure 22 


Load vs. Percent Strain Sample 100908 Compliance Removed 
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Load Ci<@ 


AS—4 BUNDLE TEST (OIL) TEST DATA 


SAMPLE 1009¢7 GAUGE LENGTH = 250 MM 


0 0,4 0.8 12 1.6 2 
Percent Stroin % 


Figure 23 
Load vs. Percent Strain Sample 100907 Test Data 
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Load Citg@) 


AS-4 BUNDLE TEST (OIL) COMPLIANCE 


SAMPLE 10G9G7 GAUGE LENGTH = 250 MM 


) 6.4 0.8 1.2 1.6 2 2.4 
Percent Sroin % 


Figure 24 
Load vs. Percent Strain Sample 100907 Compliance 
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AS-4 BUNDLE TEST (OIL) COMPLNC REMOVED 


SAMPLE 100907 GAUGE LENGTH = 250 MM 
26 


24 
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Figure 25 
Load vs. Percent Strain Sample 100907 Compliance Removed 
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Load CKxq) 


AS-4 BUNDLE TEST TEST DATA 


SAMPLE 100904 GAUGE LENGTH = S00 MM 
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Figure 26 
Load vs. Percent Strain Sample 100904 Test Data 
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Figure 27 
Load vs. Percent Strain Sample 100904 Compliance 
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AS—4 BUNDLE TEST COMPLIANCE REMOVED 


SAMPLE 100804 GAUGE LENGTH = S00 Mi 
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Figure 28 
Load vs. Percent Strain Sample 100904 Compliance Removed 
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AS-4 BUNDLE TEST (OIL) TEST DATA 


SAMPLE 104405 GAUGE LENGTH = SOO Ma 
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Figure 29 
Load vs. Percent Strain Sample 100905 Test Data 
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AS-4 BUNDLE TEST (OIL) COMPLIANCE 
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Figure 30 
Load vs. Percent Strain Sample 100905 Compliance 
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Load Cix<g>D 


AS—4 BUNDLE TEST (OIL) COMPLNC REMOVED 


SAMPLE 100905 GAUGE LENGTH = S00 MM 
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Figure 31 


Load vs. Percent Strain Sample 100905 Compliance Removed 
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V. CONCLUSIONS 


A. COMPLIANCE TESTING 

The curve-fitting procedure outlined in Appendix C was successful 
in arriving at a continuous function to describe the load-induced dis- 
placement of the load train for the INSTRON testing machine. Figure 
32 shows the data points measured during the Zero gauge length test. 
Figure 33 shows the curve fit function using the parameters listed in 
Table 2. Figure 34 then shows the data points and the curve fit 
superimposed on one another. The greatest deviation in load is 
.0OO17 kg. 

Based on the small deviation of the data points to the curve fit 
function, the curve fit of the compliance is satisfactory to be used to 
subtract the displacement due to compliance from bundle test data. 

The curve fit solution for the machine compliance is satisfactory 
for loads greater than .1 kg. The curve fit does not do a good job in the 
region below this load. This is due to the inconsistent zero displace- 
ment length. The zero point for displacement is very difficult to 
achieve for bundle testing. The sensitivity of the load cell is insuffi- 
cient to consistently identify an actual zero load level on the bundle. 
The effect of this on the fiber strength distribution parameters is that 


some elements of the lower tail are distorted. 
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Figure 32 
O Gauge Length INSTRON Compliance Test 
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Figure 33 
INSTRON Compliance Curve Fit Function 
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Figure 34 
O Gauge Length INSTRON Compliance Test and Curve Fit 


60 


The compliance testing method for the INSTRON has been 
demonstrated to be feasible and to provide realistic results. Testing 
should continue to determine whether the compliance is repeatable or 
whether it is a function of other factors such as temperature, humid- 
ity, or age of the machine. Full understanding of compliance is impor- 
tant because of the magnitude of compliance effects on short gauge 


lengths; it is the short gauge lengths to which stressing is applied. 


B. BUNDLE TESTING 

The bundle tests demonstrated the difficulty in obtaining test data 
for short gauge lengths. Table 2 illustrated the fact that no successful 
1 cm tests were completed and only one 2.5 cm test was completed. 
An improved technique of sample preparation to prevent the slipping 
of the fibers through the tabs is needed. Possibly an adhesive with bet- 
ter wetting qualities could be tried. 

The difficulty in testing the small gauge lengths highlights two 
important effects on prestressing. The first is that the shorter the 
prestress gauge length, the more difficult the process becomes due to 
the difficulty in maintaining gauge length. The second important effect 
is that the prestress effect on fiber parameter improvement will have 
to be based on a gauge length less than the ineffective length. The 
optimization process will now include another variable, the minimum 
possible gauge length due to machine constraints. As the minimum 
gauge length, increases the effectiveness of the prestress will 


decrease. 
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The importance of accurately removing the displacement in the 
test data for short gauge lengths was demonstrated by the bundle 
tests. Figures 15, 18, 21, 24, 27, and 30 show that as a function of 
percent strain, the shorter the gauge length, the greater the percent- 
age of test displacement is due to machine compliance. Figure 15 
shows that the percent strain displacement due to compliance for the 
shortest gauge length (2.5 cm) was greater than .6 percent, or nearly 
25 percent of the total test displacement. Figure 27 shows that the 
percent strain displacement due to compliance for the longest gauge 
length (50 cm) was less than .02 percent, which is less than 1 percent 
of the total test displacement. 

The inaccuracy incurred in not eliminating the compliance dis- 
placement for long samples before reducing the data to determine the 
fiber strength parameters is minimal. In the case of short samples, 
however, this is not the case. If the compliance displacement is not 
removed, the effect on the strength parameters will be the same as if 
the gauge length was actually longer than what was tested. This results 
in the fiber parameters being conservative in the prediction of fiber 
strength. While this is safe, it defeats the purpose of prestressing. 

Figures 25 and 31 are the graphs of the oiled bundles. Comparing 
these graphs to Figures 22 and 28, which are the dry or not oiled 
samples, the effects of friction can be seen in the shape of the curves 
after the maximum load has been reached. The dry sample load drops 


in large vertical jumps. These large jumps correspond to many fibers 
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breaking at once instead of sequentially. Figure 35 shows the 
simulated test data for a 100 mm sample. The curve is very smooth 
and does not show the sharp vertical drops the actual test data shows. 

The large vertical drops in the actual test data are noticeably 
reduced, but not eliminated, in the oiled samples. The oil, a soybean 
derivative, reduces the friction but does not eliminate all of the effects. 
The effect of friction on the test does appear to dominate the tail end 
or the final 30 percent of the percent strain. The effect of friction on 
the fiber strength parameters is difficult to predict. One effect that is 
clear is that the data for the first 50 percent to 60 percent of the 
breaks in the long samples do not appear to be affected by friction as 
the remaining breaks. In addition, Figures 16 and 19 indicate that the 
effect of friction declines as the gauge length becomes shorter. 

The need to eliminate friction between the fibers in a bundle test 
is important if long-gauge length tests are to be accurately completed. 
Different oils may be tried as lubricants to improve upon the perfor- 
mance of the soybean oil. If the friction cannot be eliminated, it must 
be brought down to a minimal level. 

The effect of noise in the bundle tests appears to be minimal. Fig- 
ures 36, 37, and 38 are graphs of simulated bundle tests with noise 
added to the load data. Figure 4 is a graph of the same simulation with 
no noise present. 

A noise level of 1 gm is equivalent to .002 percent for the 50 kg 
load cell used by the INSTRON. The difference in the curves from 
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Figure 35 
Bundle Test Simulation (Gauge Length—10 cm) 
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Figure 36 
Bundle Test Simulation With +1 gm Noise 
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Bundle Test Simulation With +10 gm Noise 
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Figure 38 


Bundle Test Simulation With +100 gm Noise 
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Figure 35 to Figure 36 is barely noticeable. A noise level of 10 gms is 
equivalent to .02 percent. Figure 37 shows some effects of noise, but 
they are minimal. A noise level of 100 gms is equivalent to .2 percent. 
This is an excessive amount of noise and the effects of a noise level 
this high are clearly shown by Figure 8. 

The INSTRON manual specifies the sensitivity, or noise level, of 
the load cell to be .01 kg. This corresponds to roughly the noise level 
of Figure 37. An inspection of Figure 37 demonstrates that the effect 
of this noise level is barely discernable when compared to Figure 35, a 
simulation with no noise. 

This research has demonstrated that the physical process of 
preloading fibers with a short gauge length is difficult due to the 
physical limitations of the sample gripping mechanism. More work is 
required to find an adequate means to grip or restrain the fibers for 
short gauge lengths. 

The removal of the displacement due to compliance in the test 
results is significant for gauge lengths shorter than 2.5 cm in order to 
determine accurately the fiber strength distribution parameters. The 
effect of compliance diminishes with longer gauge lengths. The fric- 
tion between the fibers in bundle alters the shape of the load vs. dis- 
placement curve. Friction has more of an effect on longer samples 
than on short samples. Friction may be reduced by using oil on the 
samples, but it does not entirely eliminate the effect. Noise is not a 
significant factor in altering the data and does not interfere with the 


strength distribution parameters. 
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VI. RECOMMENDATIONS 


Further study into the magnitude of the machine compliance for 
the INSTRON 4206 testing machine should be initiated. The effects of 
temperature, the gripping devices, and repeatability should be investi- 
gated. To complete this, a quicker method to determine the curve fit 
coefficients needs to be developed. A Fortran program that can accu- 
rately and quickly solve the curve-fitting routine in Appendix C should 
be written and validated. A series of compliance tests may then be 
completed to build a database. 

The methods for sample preparation and bundle testing need to 
become less technician dependent. There are too many areas where 
mishandling of the samples may introduce errors into the data by 
damaging the fibers. The reliance on the laboratory technician to build 
the samples, align the samples, and then set the gauge length all add 
variability to the data that should be reduced if not eliminated. 
Hydraulic grips can eliminate the hand- and wrench-tightening pro- 
cedure required by the current grips. A brace or stand should be 
designed and built to hold the sample during loading into the 
INSTRON. This will eliminate much of the handling the sample must 
now endure. 

The prestress effects of preloading the fibers to a load greater 
than the critical load should be investigated. This is a probability 


problem whose solution could be integrated into the bundle simulation 
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program. This program could then be used to predict the prestressing 
performance and then validated with tests performed in the laboratory 
on gauge lengths that can be successfully tested. This is very important 
because the poor test results of the short samples indicate that a short 
preload gauge length (< 1 cm) may be difficult to achieve. 

The effects of prestressing with respect to long-term reliability 
and composite fatigue failure should be investigated. The impact of 
local load stress cells on long-term reliability needs to be addressed 
quickly. The urgency of this aspect of prestressing is that due to the 


nature of fatigue failure, data taking is a very long process. 
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APPENDIX A 
MODEL SELECTION 


Composite fiber materials such as graphite, aramid, or boron are 
characteristically long and thin when compared to the dimensions of 
the composite. For example, the diameter of a graphite fiber is on the 
order of 5 microns, while the fiber length can extend to hundreds of 
feet for a 1 square foot pressure vessel. Under tension, the fibers fail, 
or break, at positions where flaws or imperfections exist. These flaws 
cause the fiber to break at loads much below the theoretical strength 
of the fiber, which is the chemical-bonding strength. The type of the 
flaw may be scratching, chemical erosion, contamination, or one of 
many others. The source of the flaw may have come in production, 
handling, or service use. The spatial location, density, and severity of 
these flaws determine the strength of each fiber. 

A single fiber or filament may be visualized as a chain made up of 
many links. These links, or segments, each have a unique strength 
that is limited by the severity of the flaws contained in that segment. 
The more severe the flaw, the weaker the segment. For a long fiber, 
one with many segments, the strength of that fiber is only the 
strength of the most severe flaw, or the weakest link. If the severity of 
the flaw is known to fall within a certain probability distribution and 


the location of the flaws are randomly distributed along the fiber, then 
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a “weak link” model can be assumed for predicting the strength of a 
fiber. 

From statistics, the Weibull distribution best fits the “weak link” 
model. Phoenix and Wu, in Reference 2, describe the Weibull statisti- 
cal model as it applies to composite fiber strength prediction in detail. 
In general, the fiber is partitioned into a series of segments (m). The 
shortest limiting length segment is equal to the ineffective length or 
effective load transfer length of the fiber. This is on the order of mm 
for graphite/epoxy. A bundle is then formed by joining several, (n), 
fibers in parallel. For example, in this project, AS-4 bundles where m 
equals 1 and n equals 3,000 were tested in the laboratory. 

Based on the Weibull weak link model, the failure cumulative den- 
sity function (CDF) of a fiber can be explicitly written as a function of 
the two Weibull parameters a and B. The Weibull failure CDF is written 


as Equation 5. 


F = 1 - exp {-(x/B)} (5) 


The two parameters, a and $, correspond to the distribution 
Shape and scale. a adjusts the shape of the distribution by altering the 
skew and range of values. As shown in Figure 39, a high shape para- 
meter, or a, corresponds to a very narrow distribution; an a equal to 
3.5 approximates a normal distribution; and a smaller a corresponds 
to a very wide distribution with large tails. When a is large, the scale 


parameter £8 is approximately the mean. The AS-4 that was tested in 


G2 


this project for a gauge length of 25 cm has an accepted a equal to 4 
and a B equal to 16 gm/(mm/mm). 


Pe 
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Figure 39 


Effect of the Shape Parameter on the Weibull Distribution 


The Weibull distribution is not only a physically appropriate model 
for fiber strength, it has an additional advantage in that its failure 
cumulative distribution (CDF) can be written as an explicit equation. In 
addition, the CDF may be linearized with respect to 8. This results in 
Equations 6 and 7. These two equations may then be graphed together 
to form a graph such as the one shown as Figure 40. This graph of the 
F*/x* function allows direct graphical correlation of strength to failure 


probability. 
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Figure 40 
Weibull Linearized Failure Prediction Graph 


F* = In(-In(1 - exp {-(P/B)%})) (6) 
ee = Nha 1115) (7) 


where P is the load subjected to the filament. 

To predict reliability, which is one minus the failure probability 
for a fiber, the a and B must be known for that fiber to a sufficient 
degree of accuracy. Fiber bundle failure tests are performed in the lab- 
oratory to arrive at the parameters. A difficulty arrives with the fact 
that the parameters are a function of the length of a fiber. This corre- 
sponds to the fact that a long chain is weaker than a short chain 
because the longer chain has a higher probability of having a weak 


segment. 
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The Weibull model provides a means to normalize the parameters 
between different lengths of a common fiber if the parameters are 
known for any one length. This allows for the laboratory results to be 
applied to fibers of lengths different than the lengths tested. This fea- 
ture of the Weibull function is commonly called the size effect. 

If the strength distribution parameters 81 and a1 are known for a 
fiber of length 1} and the parameters B2 and a2 are desired for the 
same fiber but of a different length lo the following derivation provides 


the relationship: 


Fy = 1 - exp {(-(k/Bijar)} (5) 
R=1-F 

(Reliability = 1 - Failure) (8) 
Ri = exp {(-(x/B1)™) (9) 
m = 1;/lg (10) 

ee O IM ENIND cy. 00's = (R})™ 
Rr = fexp {-(x/Bi)™1}]™ (11) 
R2 = exp {-m(x/B1)™}} (12) 
Ro = exp {-(x/B2)%2} (9) 


Equating Equations 9 and 12 then: 
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exp {-m(x/B1)%1} = exp {-(x/B2)%2} 
{-m(x/B,)%1} = {-(k/B2)%2} 
(x/(m)-!/@1 B3)@1 = (x/Bo )%2 (13) 


Solving Equation 13 results in Equations 14 and 15. 


Q2 = Q) (14) 


Bo = Bi(m)-2/%1 (15) 


An implication of the size effect relations, Equations 14 and 15, is 
that a long composite made up of many segments may be reduced to a 
composite of one segment. This simplification provides for easier 
mathematical modeling of the composite as a large composite model 
shown in Figure 41 with many segments may be reduced to the much 
smaller model shown in Figure 42. This greatly reduces the amount of 
computational effort required to model composite strength or bundle 
strength as the model matrix has been reduced from a (m X n) to a (1 


x n)e 
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Figure 41 


Composite Model Without Size Effect 
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N = 10 


Figure 42 
Composite Model With Size Effect 
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APPENDIX B 
BUNDLE FAILURE SIMULATION 


The purpose of the bundle failure simulation was twofold. The first 
was to allow the user to readily produce simulated bundle test data 
with variable fiber strength distribution parameters. The resulting data 
could then be graphically presented into load versus displacement or 
load verses percent strain representations. These graphs were utilized 
to gain understanding and insight into the effect of fiber strength 
parameters and gauge length on fiber failure process. 

The second purpose of the bundle failure simulation was to 
provide a means of verification for data interpretation and reduction 
software being developed for use in conjunction with the INSTRON 
Testing machine used in the Composites Laboratory, Naval 
Postgraduate School. The simulation could be used to ensure that the 
software returned the parameters from the simulated test data that 
were used as inputs to the bundle simulation. For this project, the 
compliance removal procedures and software described in Appendices 
C and D were validated with this program. Lt. Joseph Schmidt, in a 
separate project, used this program to validate software that reduced 
bundle test data into the fiber strength probability distribution 
parameters. 

The bundle failure simulation program “T2” takes fiber strength 


distribution parameters a and f for the length of the bundle, the 
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number of filaments, the length of the bundle, the fiber modulus, and 
testing machine settings of cross-head speed and sampling rate, and 
then produces two sets of load vs. displacement data. The first set is 
the loaded and displacement determined for each individual filament 
break. This is referred to as the analog data. The second set, which 
simulates fiber testing machine data, is the continuous load and 
incremental displacement data, which is referred to as discrete data. 
The program also has the added feature of inputting a noise range. The 
maximum number of filaments is 1,000. 

The program solves for the strength of each filament based on the 
Weibull distribution and the size effect. An explanation of the Weibull 


function and of the size effect is detailed in Appendix A. 


A. ANALOG DATA SIMULATION 

The analog data was determined by using a random number 
generator to to generate a random strength of each fiber, determine 
the displacement of each break, and then compute the load of the 
bundle at each break. 


Equation 16 was used to determine the strength of each fiber. 


Pr = In(-In(1 - exp {-(x/B)%})) (16) 


where Py = failure load of the the fiber 
x = random number 0 <x < 1 
Equation 17, which is a manipulation of Hooke’s law, is used to 


determine the displacement of each fiber at the failure load. 
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de=Ppel/ a (17) 


where dg = Displacement of the Fiber 

1 = Length of the Fiber (Gauge Length) 

E = Strain Modulus 

The displacement at each break was stored in an array and then 

sorted in ascending order. The load of the bundle at each break was 
then determined by using Equation 18. This is also a manipulation of 
Hooke’s Law. At each break, because the simulation is for a controlled 
displacement, the load in the bundle drops by a factor of 1/n. This 
data point is solved for by Equation 19. 


(Pb)i = ((dpi * E * (n-i +1))/1 (18) 
(Pp)it = ((dpi * E * (n-i))/1 (19) 
where i=1,2,3,...n (Number of Breaks) 


B. DISCRETE DATA SIMULATION 

The discrete data was found by utilizing the analog data. The 
analog data was transformed into a continuous function by connecting 
the data points. The displacement between data points is found by 


Equation 20. 


Deld = CHS/SR (20) 
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where CHS = Cross-head Speed (mm/min) 
SR = Sampling Rate (pts/sec) 

The discrete data displacement is in increments of Deld while the 
discrete data load is the intercept of the analog continuous data for 
that appropriate displacement. Equation 21 is used to compute the 
discrete displacement points. Discrete data points are solved for until 


the load reaches zero. 


d = Deld * I l= OFZ, - a Loade—r0 (21) 


C. NOISE SIMULATION 
The user has the option of simulating the effects of noise in the 
load transducer of a bundle test. If desired, the noise is added to the 


discrete load data by Equation 22. 


Pnoise = P - ((Ph - Pi)/2) + X * (Ph - Py) (22) 


where P = Original Load 
Pp = High Noise Range 
P} = Low Noise Range 


D. PROGRAM LISTING 

The program was written in Microsoft Fortran 4.01. It is designed 
to be operated from any IBM/Compatible computer with two floppy 
drives or hard disk and one floppy drive. The executable program is 
run from the A: drive or the hard disk and the data is written to the B: 


drive. To execute the program type: T5 <enter>. 
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SUBROUTINE LISTING: 


INIT 
INPUT 
RAND 
SLOAD 
SORT 


ANLDAT 
DISDAT 


NOISE 


OUTPUT 


Initializes arrays to zero 

Prompts user to input required value 

Random number generator (user must input seed) 
Solves for the breaking stress of each filament 


Sorts the filaments by breaking stress and then 
solves for breaking displacement 


Creates the analog load and displacement file 


Solves for the continuous and creates the discrete 
load and displacement file 


Allows user to input random noise to a specified 
threshold into the discrete load data 


Writes the analog and discrete data to floppy 
disks 


VARIABLE LISTING: 


DATA(0:1000,7) 
ADATA(0:2000,2) 


DDATA(0:2000,2) 


ALPHA 
BETA 


CHS 


Workspace array 


Analog data output file; Displacement, Load, listed 
sequentially by first break to last 


Discrete data output file; Displacement, Load, 
listed as a function of sampling time 


Weibull shape parameter for the given length 
Weibull scale parameter for the given length 
Modulus of fiber 

Length of the Fiber 

Number of filaments in the bundle (max. = 1,000) 


Simulated testing machine cross-head speed 
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SR Simulated machine sampling rate 


DELD Distance between data points for discrete data 

POINTS Number of discrete data points 

SEED Random number generator seed for strength 
computations 

SEED1 Random number generator seed for discrete data 


load during break generator 


SEED2 Random number generator seed for noise 
generator 
BREAKS Counter that is used to find slope of analog data 


for up to n-1 breaks 


LIMIT Maximum strength of fiber ; used in solving for 
the maximum displacement for n-1 breaks 


PH Upper noise range 


ee Lower noise range 


OUTPUT FILES 
ADATA Analog data; displacement, load 


DDATA Discrete data; index, displacement, load 
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FOR GIVEN FIBER 


PROGRAM T2 


Sekedeskdevescvevevess 


Jeph Z 


Seseveseveseevesesesesesevedsvevevedevevedvedededesevevedededvesedesededesecesevedeacseseveve? esexesesevescicse 


PROGRAM T2 WILL SIMULATE A BUNDLE TEST FOR N FIBERS IN “PARALEL % 


STRENGTH PARAMETERS AND LENGTH OF THE BUNDLE. % 


THE PROGRAM WILL OUTPUT ANALOG DATA THAT IS A LISTING OF THE * 


DISPLACEMENT AND LOAD OF EACH FIBER BREAK. 
OUTPUT DISCRETE DATA THAT SIMULATES MACHINE TESTING DATA FOR THE 
BUNDLE. 
NUMBER OF DATA POINTS IS A FUNCTION OF THE SIMULATED CROSSHEAD 
SPEED AND THE SAMPLING RATE. 


Goi OUTPUT IS WRITIEN TO DRIVE B: 


eseveakeve 


Jeseskesesesicueseseestvesevesieve 


THE PROGRAM WILL * 


THE OUTPUT IS BY INDEX, DISPLACEMENT AND LOAD. THE ¥ 


ADATA. AND DDATA. ¥ 


oS 
Nedevevesevedcdeveveveaesesesevlededesesdedesevesieodesevledcdeseslevevesevesveves's 


esesedcdsdeveseveuevese ve 


* DECLARATION STATEMENTS 


“ ALLOW 


REAL 


DATA(0; 1000,7), DDATA(0; 5000, 2),ALPHA,BETA,L,CHS, PH, PL, 


1E ,DELD,SR,ADATA(0; 2000,2) 


INTEGER N,I,J,K,POINTS,O 
1 CONTINUE 


PRINT BANNER AND START PROGRAM 


PRINT* , 


CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 


CALL 


CALL 


USER TO RERUN 


‘COMPOSITE BUNDLE TEST SIMULATION PROGRAM' 
INIT(DATA,DDATA, ADATA) 

INPUT( ALPHA, BETA, L, CHS,E,N,SR) 

RAND( DATA,N) 

SLOAD( DATA,N, ALPHA, BETA) 

SORT(DATA,N,E,L) 
ANLDAT( DATA ,N) 
DISDAT(DDATA,DATA,N,E 
NOISE( DDATA , POINTS) 
OUTPUT( DATA , DDATA,N,E,L,ALPHA, BETA, POINTS, ADATA) 


,L, CHS, SR, POINTS) 


PROGRAM 


PRINT 


PRINT*, 
PRINT*,' 


"RUN 
IF YES TYPE 1, 


COMPLETE, DO YOU WISH TO RUN ANOTHER SET OF DATA’ 
ELSE TYPE 0 TO EXIT PROGRAM' 


READ* , 


IF(Q 


PE Or ey GOO 1 


* PRINT BANNER AND END PROGRAM 
Pein 


ale 
«x 


alo 
#% 


ae PrP 
ay ifs 


seveseves: 


yee, oN SA tae THE ace i aaa 


PRINT*, ' 


Ae 


ess’ eves ses taste slontes 2 
ray waves 


SUBROUTINE INIT 


"0 San 
Pheri erty 


ies 


END OF RUN, HAVE A NICE DAY' 


Sesletedescslesles'es'e Seales n'euteuteutes aeelwalsesalse’salaaleaisutasn! leslenteclesloclecleuleclectoale aleulsalecdsaleutsulaets PR Praers salsuto 
NR EU ER ER ER ED ER CR CR adr ER ALF Er ed. ed eX ed 4d Ed 4d F¥ rierly aya rier iy QR PR ER FR FRR ER ern ed FY EL FU FR FR ED EY FR ED @#y eu 4d ee 8 


alo 
PAY 


evlecleclecleclociecion s'esies! evles'e sleeves fevledesies Jewsou sevevevesleveves eves festenlocteclon'ecte clouientas! esies'e 


* DECLARATION STATEMENTS 
SUBROUTINE INIT( DATA ,DDATA, ADATA) 
REAL DATA(0; 1000,7),DDATAC0; 5000,2) , ADATACO; 2000, 2) 


INTE 


GER I,J 


* PRINT BANNER AND START SUBROUTINE 


PRINT* 
PRINT*, '2* RUNNING INITIALIZATION SUBROUTINE 2eetstsyr! 
PRINT* 
DO 10 I = 0,1000 
DOO) — ee 
DATAC E01 =a) 
9 CONTINUE 
10 CONTINUE 
DO 20 I 
DO 19 J 
DDATA(I,J) 
19 CONTINUE 
20 CONTINUE 
DO 30 I 
DO 29 J 
ADATA(I,J) = 0 
29 CONTINUE 
30 CONTINUE 


Woll 
FE 
ho 


END 

Seveseveseve Seve ceve ve Teva vedere dese se ese se Ne Tose 36 ese Nese a eee ve CAs ae aC Ieee UC TC TS TERE ICUS Te aE ee DCIS te ee ae 9s 76 IC 07s 7096 ee 
we SUBROUTINE. INPUs vs 

* SUBROUTINE INPUT PROMPTS THE USER Ose Ute ee OU 
¥ DATA TO PERFORM THE SIMULATION» eae. We 
ALPHA, BETA, N, L, E = FIBERSPARAETERS vs 
CHS.wieon = QSTESTING MACHINE PARAME EER # 
a5 
Sich oii barton heros wicirir bar arora oka re oe eo Ge a he TE Gi Se nia 


* DECLARATION STATEMENTS 
SUBROUTINE INPUT(ALPHA, BETA,L,CHS,E,N,SR) 
REAL ALPHA, BETA,CHS,L,SR,E 
INTEGER N 


* PRINT BANNER AND START SUBROUTINE 


PRINT“ 
PRINT*, 9%" RUNNING INPUT SUBROUTINE ‘sex! 
PRINT* 


PRINT*,' INPUT ALPHA AND BETA FIBER PARAMETERS' 
READ*, ALPHA, BETA 

PRINT*,' INPUT NUMBER OF FILAMENTS IN BUNDLE (MAX = 1000) ' 
READ*, N 

PRINT*,'’ INPUT MEAN BUNDLE LENGTH (CM)' 

READ*, L 

1, Sono 

PRINT*,' INPUT LOAD MODULUS OF FIBER (GM/MM/MM) ' 
READ*, E 

PRINT**,' INPUT SIMULATION CROSSHEAD SPEED (MM/MIN) ' 
READ*, CHS 

PRINT*,' INPUT SIMULATION SAMPLING RATE (PTS/SEC)' 
READ*, SR 

PRINT* 

PRINT*, ' INPUT COMPLETE' 

PRINT* 
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END 


Sevedesesevesccleveslesesicsecedesicvetodededclededsdevovdevsvedededsdededededesdcacdcdedededcdedcdvdedededcdsvedededededvevededededevededevededeseve 


* SUBROUTINE RAND : 


* SUBROUTINE RAND GENERATES A RANDOM NUMBER FROM O TO 1 FOR EACH % 
%* FILAMENT IN THE BUNDLE. THE RANDOM NUMBER GENERATOR IS STARTED * 


% FROM THE INITIAL INPUT SEED. THE FUNCTION RAND IS USED TO * 
* ACTUALLY FIND THE RANDOM NUMBER. % 
ac 4 


Sesesleckeclescvesesesedesledevcvedededededesk deskvakseskvcdcdkdevdeveseoeledecededeescsesevesedetesedevekievesese seven sksesesesededeveve eves ve 


SUBROUTINE RAND(DATA,N) 


* DECLARATION STATEMENTS 
REAL DATA(C0; 1000,7),RNG 
INTEGER N, SEED, I 


** PRINT BANNER AND START SUBROUTINE 
PRINT* 
PRINT**, ‘2% RUNNING RANDOM NUMBER GENERATOR SUBROUTINE vee! 
PRINT*s 
PRINT* 
PRINT*,' INPUT ANY ODD INTEGER (STRENGTH RNG SEED) ' 
READ*, SEED 
PRINT* 
fomtoo | = 1, N 
femacl,1) = 
heesci.3) = 
100 CONTINUE 
END 


Sevesevevedesesesesesevevevedevesesesevesesedescvededescsedevesdedesedoalcdevcdkv dkevededsdedesededesdesevedesesedevededevess deve ve desedededede deve 


I 
RNG( SEED) 


x SUBROUTINE SLOAD * 
ve % 
* SUBROUTINE SLOAD WILL GENERATE A BREAKING STRENGTH FOR EACH ¥ 
¥ FILAMENT AND FROM THE MODULUS FIND THE CORESPONDING DISPLACEMENT. * 
se a 
er eerie bree ie oe Gi ate ok bir be be bok Oi oe oe bi bee ot Ge ok ok oe oe oe Oo ok Gi oe Gk nie bk ok i oi kb oi hom i hoi Oe ee iin ii ii a oi i oie hie ok 1 


SUBROUTINE SLOAD( DATA, N,ALPHA, BETA) 


* DECLARATION STATEMENTS 
REAL DATA(C0; 1000,7),ALPHA, BETA 


INTEGER N 

* PRINT BANNER AND START SUBROUTINE 
PRINT* 
PRINT*, '*%%" RUNNING SIMULATION LOAD SUBROUTINE ort! 
PRINT* 


DOr100 I = 1, N 


af 


* BREAKING STRENGTH EQUATION BASED ON WEIBULL ALPHA AND BETA PARAMETERS 
DATA(I,4) = EXP((LOG( -LOG(1-DATA(1,3)))+ALPHA*LOG( BETA) ) /ALPHA) 
100 CONTINUE 
END 
oe Seether a Fe Seyi aie Sie eae oe oe ke bie ae ie he ake a ESSEC RCE SE rR I SR SS RI Ril SS ee ee 
* SUBROUTINE SORT 
% ve 


* SUBROUTINE SORT USES A BUBBLE SORT METHOD TO SORT THE FILAMENTS 
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FROM LOWEST TO HIGHEST BY BREAKING POINT DISPLACEMENT. * 


= 


= oS 
rn 


Sevesleslevlesesesesesvevedevovcsesevevedesevesevesesssevesesssdescseveseveseseslcsicvescslesevovcsesteviessesevevesecesesesledesevevevesedeslesicaeclesestesic 


SUBROUTINE SORT(DATA,N,E,L) 


** DECLARATION STATEMENTS 
REAL DATA(0; 1000,7),T4,T5,E,L 
INTEGER N,PAIRS,T1 
LOGICAL DONE 


af 


* PRINT BANNER AND START SUBROUTINE 


PRINT* 

PRINT**, ' vevevevere RUNNING SORT SUBROUTINE %tevevex 
PRINT* 

PAIRS= N-1l 


DONE = . FALSE. 

20 IF(.NOT. DONE) THEN 
DONE = . TRUE. 
DO 30 I = 1,PAIRS 
IF(DATA(I,4) .GT. DATA(I+1,4)) THEN 
T4 = DATA(I,4) 
lees OVMONC I. 4 
DATA(I,4) = DATA(I+1,4) 
DATA(I,1) = DATA(I+1,1) 
DATA(I+1,4) = T4 
DATA(I+1,1) = T1 
DONE = . FALSE. 
ENDIF 

30 CONTINUE 
PAIRS = PAIRS - 1 
GOTO 20 
ENDIF 
PRINT* 
PRINT*, ‘2% SORT COMPLETE, NEW INDEX BEING ADDED TO DATA! 
PRINT* 
oy) 0 LN 
DATA(I,2) = I 

40 CONTINUE 


eds bes 
PRINT*, '*%** SOLVING FOR DISPLACEMENT BASED ON BREAK LOADS 7°57! 
PRINT* 


DO 50 I= 1,N 
DATAC 1,5) = (DATACI,4)*L)/(E) 
590 CONTINUE 


END 
avededededededevededekdededededesededevededesesevesesevesedevedevevedesedesedesededededevescsevevevedcvesevesesesedevesevesevestsescsercsese 
* SUBROUTINE ANLDAT ws 
rg rg 
* SUBROUTINE ANLDAT WRITES THE DISPLACEMENT AND LOAD OF EACH BREAK “ 
* INTO ARRAY ADATA ¥ 
ve ry 
sevevevedesesevedesededededcdevesevededevedededededekvedeokvesdcdededededededevededvedevedvedcdededevedededescvedevesevevedevevesedevedevedevede 


SUBROUTINE ANLDAT(DATA,N) 


* DECLARATION STATEMENTS 
REAL DATA(0; 1000,7) 
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INTEGER N 


* PRINT BANNER AND START SUBROUTINE 
PRINT* 
PRINT*, ' %e2s%% RUNNING ANALOG DATA FILE SUBROUTINE *er%7%! 
PRINT* 
DO 100 I1=1, N 
DATA(1,6) = (N-I+1)*DATA(I,4) 
DATA(I,7) = (N-1)*DATA(I,4) 

100 CONTINUE 

END 

Sdededevedevesese de dede deve de todo desde dese ls eke Tove de Fete Fete WTR TR TTC TET TE TC Te Fe TERT TE TNT Te CTE TER Tee TeV 


% SUBROUTINE DISDAT ny 


%* SUBROUTINE DISDAT CREATES LOAD AND DISPLACEMENT BASED ON THE w 
* DATA BUT THE DISPLACEMENT IS CONTROLLED BY THE MACHINE CROSSHEA ¥ 
* SPEED AND THE DATA SAMPLING RATE. A RANDOM NUMBER GENERATOR IS ¥ 
* USED TO SOLVE FOR THE LOAD IF THE DISPLACEMENT OCCURS AT A BREAK * 
POINT. ¥ 
2 a SS DERE Ge ITS air Pele ab ae aid dra ark or a ote ake se i ide ope ae oe Le eS i oe ake ir oie ee La he oe eae dae ek or ed sri eel ok eee oe ere ete y oral et els 


SUBROUTINE DISDAT(DDATA ,DATA,N,E,L,CHS,SR, POINTS) 


* DECLARATION STATEMENTS 
REAL DDATA(0; 5000,2) ,DATA(0; 1000,7),E,CHS,SR,DELD,DISP,LIMIT, 
1 RANGE,RNG,L 
INTEGER SEED1,BREAKS,POINTS,N 


*% PRINT BANNER AND START SUBROUTINE 
PRINT* 
PRINT* , ‘%**e%"* RUNNING DISCRETE DATA SUBROUTINE *¥eveorve' 
PRINT* 
PRINT*,' INPUT ANY ODD INTEGER (RNG SEED) ' 
READ* , SEED1 
DELD = CHS/(SR*60) 
BREAKS = 0 


* SET LIMIT EQUAL TO DISPLACEMET OF FIRST BREAK 
LIMIT = DATA(1,5) 
DO 100 I = 1,5000 
DISP = DELD*I 
150 CONTINUE 
IF(DISP .LT. LIMIT) THEN 


DDATA(1I,1) = DISP 

DDATACIT,2) = (CN - BREAKS)*E*DYSP) /L 
GOTO 199 

ENDIF 


Peebtor ehOe LIMIT) THEN 
RANGE = (((N - BREAKS)*E*DISP) -( (N-BREAKS-1)*E*DISP))/L 


DDATA(I,2) = (RNG(SEED1 )**RANGE)+(( (N-BREAKS-1)*E*DISP)/L) 
DDATA(I,1) = DISP 

GOTO 199 

ENDIF 


BREAKS = BREAKS + 1 
[F( BREAKS .EQ. N) GOTO 200 
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* INCREMENT TO NEXT BREAK DISPLACEMENT 
LIMIT = DATACBREAKS+1,5) 
EGLO i150 
199 CONTINUE 
100 CONTINUE 
200 CONTINUE 


* POINTS = NUMBER OF DISCRETE DATA POINTS 


POINTS = [I 

END 
serscacdesteucsesicscsicdesesiovescatccscceskccesvacceskvseveslevescuesdkesvotskescacscacseakaevesksescokcsiescsestcscckestcotesseskseskcsksesescsestescsest ste 
* SUBROUTINE NOISE * 
9 oc 


* SUBROUTINE NOISE ALLOWS THE USER TO SIMULATE MACHINE NOISE IN THE * 
% DISCRETE LOAD DATA. THE USER INPUTS THE RANGE OF THE NOISE AND * 
* A RANDOM NUMBER GENERATOR IS USED TO FIND A NOISE FOR EACH DATA * 


* LOAD IN BETWEEN THE GIVEN RANGE. ¥ 
ris a¢ 
& Le Vode ke see ele ba hot ila sich ie ae ae oy Soe ope oe Sor ioe tel sir bor bor toe rt oe hoe) oe aoe oe adore irl sir tortoy arial ar iri se iarioeisc orl elarlsclsrigrisciorierigelse ee Ss 


SUBROUTINE ne a ee POINTS) 


** DECLARATION STATEMENTS 
REAL DDATA(0;5000,2),PH,PL,RNG 
INTEGER 1,Q,SEED2, POINTS 


wv 


* PRINT BANNER AND START SUBROUTINE 
PRINT* 
PRINT* , ' 2%" RUNNING NOISE SUBROUTINE *?eve%e%' 
PRINT* 
PRINT, 'DO YOU WANT TO ENTER NOISE INTO DISCRETE DATA' 
PRINT*, IF YES TYPE 1, “DEeNO@ iyPE =o: 
READ* ,Q 
IF(Q .NE. 1)GOTO 200 
PRINT*,' INPUT ANY ODD INTEGER (RNG SEED)' 
PRINT* 
READ* , SEED2 
PRINT*,' INPUT HIGH NOISE RANGE AND LOW NOISE RANGE (GMS) ' 
READ*, PH, PL 
Domo 1 = Oe colnis 
DDATA( 1,2) = (DDATA(1I,2) -((PH-PL)/2)) + RNG(SEED2)*( PH-PL) 
100 CONTINUE 
200 CONTINUE 


END 
Vedeveve deve Tose Tevewe Te Te ve Tove Te‘ Ve se se Tete Nese Te seve seven seve teveveveve sete ve seve sevece Te Fe sete Tose se seve re Fe Weve se sewer e eee see ae 
* SUBROUTINE OUTPUT ¥ 
% SUBROUTINE OUTPUT WRITES THE ANALOG DATA AND THE DISCRETE DATA * 
* ONTO DRIVE-B OUTPUT FILES * 
ay rh 


vestectes' Fontes eslesleslowesleste Seslecleciestes sla elantante al, stestesteve sfevectesles s‘s ses sls este clestosts ve cle wle sie slesleste de cle cle cfecle lacie ves ala nSontentents 
=C5. Phy veya. rie Saece coe BON GN ey aN 


SUBROUTINE cue ea DDATA, ee E, L ALPHA, BETA, POINTS “ADATA) 
REAL DATA(0; 1000,7) ,DDATA( 0; 5000,2) ,E, ALPHA, BETA, L, 
1ADATA( 0; 2000, 2) 

INTEGER N,POINTS,Q1,Q2,1,I11 

PRINT*, "#2" RUNNING OUTPUT SUBROUTINE *eteiev! 

PRINT* 


90 


PRINT*,'DO YOU DESIRE A LISTING OF THE ANALOG DATA’ 
PRINT*,'IF YES TYPE 1, IF NO TYPE ZERO’ 

READ* ,Q1 

PRINT*,'DO YOU DESIRE A LISTING OF THE DISCRETE DATA' 
PRINT*,'IF YES TYPE 1, IF NO TYPE ZERO' 

READ* ,Q2 

IF(Q1 .EQ. 1) THEN 


* WRITE THE ANALOG DATA 

PRINT* 
OPEN(15, FILE='ADATA' ) 
WRITE(15, 960) 

960 FORMAT( / ‘  ODISP LOAD’ ) 
DO 105 I = 1,N 
II = (2*I)-1 
POAA(TI,1) = DAGACI,5) 
ADATACII+1,1) = DATACI,5) 
ADATACTIP2) = DATACI.6) 
ADATA(I1I+1,2) = DATACI,7) 

105 CONTINUE 
DO 106 I = 0,2*N 
Reema 15 961) ABATACI,1), ADATACI,2) 

106 CONTINUE 

961 FORMAT( F10.6,2X,F10.4) 
PLOSEC 15) 
PRINT* 
PRINT*,' ANALOG DATA IS IN FILE "ADATA FILE"' 
PRINT* 
ENDIF 
IF(Q2 .EQ. 1) THEN 


* WRITE THE DISCRETE DATA 
OPEN(15, FILE='DDATA’' ) 
Welt 15.951) 
951 FORMAT(/ ‘POINT DISP LOAD’ ) 
DO 110 I = 0,POINTS 
Meth C15,901)1, DDATACI,1),DDATACI,2) 
110 CONTINUE 
PRINT*,' DISCRETE DATA IS IN FILE “DDATA FILE"’ 
PRINT* 
eEOsE( 15) 
ENDIF 
901 FORMAT( I15,2X,F10.6, 4X,F10.4) 
END 
TETODETC TE DCT Ve Ge ICI’ VE TE IE TE VOTE BEDE T ETE CCB E IE TE BE IE TENE TEBE TE BO TOTO TE TE IE TE TE TE TE DE FETE TE TE TEI ETE VEIT TE IE IE TENE ETE IE TE TE BE IEE IE IEE 


‘S FUNCTION RNGCSEED) RANDOM NUMBER GENERATOR * 


Sevesiedesevesevevesedesesedevesesvededescdededededededesvedevededededededevedetesededvetedesedevedededetetedestedededededededededekdeledeve 


FUNCTION RNG(K) 
INTEGER K,M,CONST1 

REAL RNG, CONST2 

PARAMETER(CONST1=2147483647, CONST2=. 4656613E-9) 
SAVE 

DATA M /0/ 
IF(M .EQ. 0) M 
M = M*65539 
IF(M .LT. Q) M 


II 


K 


i 


Cp CONST 1 
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RNG = M * CONST2 
END 





APPENDIX C 
COMPLIANCE REMOVAL 


The objective of the analysis of fiber bundle testing data is to 
determine the fiber strength distribution parameters. To this end, the 
actual fiber displacement data must be obtained from the total test 
displacement data. A significant portion of the test displacement data 
is due to machine compliance. This appendix describes a method to 
determine this displacement and subtract it from the test displace- 
ment data consisting of the load train displacement and the sample 


displacement. 


A. ISOLATION OF COMPLIANCE 

Fiber bundle testing is accomplished with the use of the Instron 
Universal Testing Instrument Model 4206 (INSTRON) machine. The 
fiber test records displacement and the load measured by the 
INSTRON load cell. The test is controlled by software that operates 
the machine on a controlled cross-head speed and takes data ata 
user-selected sampling rate. The machine is schematically illustrated 
in Figure 43. 

A typical bundle test load vs displacement graph is shown in Fig- 
ure 44. The curve may be partitioned into three regions. Region I is 
the concave non-linear region. This is concavity is due to the compli- 
ance on the load train and the variation in gauge length (slack) amount 


of each filament. 
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Bundle 
Samp | 





Figure 43 
INSTRON Testing Machine 





Figure 44 


Typical Bundle Test Load vs. Displacement Graph 
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This is due to each filament of the bundle not having exactly the 
same gauge length; the curve becomes progressively steeper as each 
filament starts to carry the load. Region II is the linear region. Here all 
of the filaments are carrying the load equally. The bundle displace- 
ment is a linear function of displacement due to Hooke’s Linear 


Stress-Strain law shown in Equation 23. 


P = nEd 
6 = P/nE (23) 


where’ P = load 
n = number of filaments 
E = filament modulus 
6 = displacement 

Region III is the failure region where the load fluctuates as each 
fiber breaks. 

The load data that the INSTRON records is derived from an elec- 
trical signal from the load cell. This load is the load taken by the 
fibers, but also includes the load taken up by the testing machine load 
train. This load causes deformations in the load train consisting of the 
gears of the machine, the grips, grip base, and all other structural 
components. These components of the load train combined to form 
machine compliance. The INSTRON shown in Figure 43 may now be 
modeled as shown in Figure 45. The INSTRON is equivalent to two 


springs in series, the machine compliance and the fibers. 
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Figure 45 


INSTRON Testing Machine Equivalent Model 


With the spring in series model, the total displacement of the 
system due to a load is equal to Equation 24. The load due to the fibers 


is Equation 25 and the load due to compliance is equation 26. 


St = Of + Sc = P/(Ke + Ke) (24) 
Ss = P/Kr (25) 
5c = P/Ke (26) 


where = total bundle displacement 
of = fiber displacement 
dc = compliance displacement 
Kr = fiber stiffness coefficient 
Ke = compliance stiffness coefficient 
Equations 25 and 26 demonstrate that the fiber and compliance 


displacements are functions of load. If the stiffness coefficients and 
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the load are known, then the displacement due to the fibers may be 
found by Equation 27. It is important to note that the stiffness coeffi- 
cients for the fibers and the compliance are likely to be nonlinear. The 
fiber nonlinearity is primarily due to the slack in the early displace- 
ment. The compliance will be nonlinear due to the physical processes 
that contribute to form the compliance. Many of these processes are 


directional in nature. 


O(P)p = d(P)t - (Pe (27) 


From Equation 27, the typical bundle test graph in Figure 1 may 
now be represented as Figure 46 with the compliance displacement 


being subtracted from the fiber displacement. 





4 Compliance 


Bundle - 
Compliance 


Figure 46 


Typical Bundle Test Load vs Displacement Graph Compliance 
and Fiber Displacement Separated 
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To determine the fiber displacement, a means to subtract the 
compliance displacement is required. An equation must be deter- 
mined to fit 6(P). to implement Equation 27. 

If K. were linear, it would be a simple matter to solve for the 8(P)¢ 
function. However, as mentioned above, the function will not be linear. 
Because of this, 6(P), must be measured by experimentation. The data 
must then be curve-fit to form a continuous function; this function may 


then be used to implement Equation 27. 


B. COMPLIANCE TESTING 

From the model illustrated in Figure 45, a means to eliminate the 
displacement of the fibers would be to set the gauge length of the 
bundle to zero. The fibers may not be eliminated because the gripping 
mechanism to hold the bundle in place is a part of the compliance, but 
the gauge length can be brought very nearly to zero. To do this, a sam- 
ple is prepared like the one shown in Figure 47. If there are no fibers 
that displace, all of the displacement recorded must be due to 
machine compliance. 

To measure 6(P)c, a bundle test is completed with the O gauge 
length sample in accordance with the procedures outlined in 
Appendix D. A typical INSTRON compliance test load vs. displacement 


graph is shown as Figure 48. 
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Bundle , 
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Copper Tabs 


Figure 47 
O Gauge Length Sample Used to Test Compliance 






P Ill Grip Failure (slippage) 


|} Linear 
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Figure 48 
INSTRON Compliance Test Load vs. Displacement Graph 


JS, 


The first region, O to Dcl, is very nonlinear. This is due to the 
directional compliance in the INSTRON as the displacement is first 
applied. Physical processes include the backlash in the gears, nonlin- 
ear friction and damping as the gears and clutches engage, and noise 
below the sensitivity of the load cell. 

Region two, Dcl to Dc2, is the linear region. The compliance in 
this region is due to linear spring tension of the machine as modeled 
in Figure 44. The K is very high, which is expected for a testing 
machine. It should be high so that the load it absorbs is very low when 
compared to the load being absorbed by the sample. 

Region three is nonlinear. It is believed that in this region the 
grips are beginning to fail and that the fibers are actually slipping 
between the copper tabs. The data in this region does not reflect the 
machine compliance and is not utilized in the analysis. It is assumed, 
however, that if the sample had not slipped the compliance curve 


would have continued, extending the linear region. 


C. CURVE-FITTING PROCEDURE 

The fitting of a curve to approximate P(d)c was completed by 
separating the function into two regions, selecting a power Series 
model, Equation 28, for region I, a linear model; Equation 29, for sec- 


tion II; and setting boundary conditions at Dcl, Equations 30 and 31. 


for 0 < Dc < Del Dc = Al(P)n + A2 (28) 


for Del < De Dec = A3P + A4 (29) 
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Boundary Conditions 


(1) Del (Equation 28) = Dcl (Equation 29) (30) 


(2) Del’ (Equation 28) = Dcl' (Equation 29) (31) 


If Dc2 and Decl are known, then from Equation 29 for region two: 


Ag3 = Dc2 - Del /P} - p(Dcl) (32) 


Ay = -A3P) + Del (33) 


From Equations 28, 29, and 31, an equation for A) can be derived: 


d Dc/d P = nAj(P)®-1 
0d Dc/d P= Ag 
Ag = nA; (P)"-1 
Ay = Ag/n (P))2"1 (34) 


From Equations 29, 30, and 34, an equation for A2 can be derived: 


Del = ((A3/n (Del - DcO)®-1) * (Decl - DcO)"9/A3 + Ao 
Ag = Dc) - A3Pi/n (35) 


This gives us five unknowns and four equations. Equations 32 and 
33 can be solved directly from information gained from the O gauge 
length data. Equations 34 and 35 are coupled by n, so Ag and A4 may 


be solved for by optimizing the variable n. To optimize n, an error 
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function is created and its derivative is taken and then summed for all 
the data points between zero and Dc1 for different values of n. When 
the error function is minimized to approximately zero, n is known. 
The n can then be substituted into equations 13 and 14 to yield the 
constants Ag and Aq. 

Substituting Equations 32 and 33 into Equation 28 gives Equation 
36. 


De(P) = (AgPi/n) * ((P/P1)®-1) + Del (36) 


0 Dc(P,)/d N = (A3P)/n) * In(P/P}) * (P/P))® 
+ A3Pin-2(1 - (P/P1)") (37) 


The error function becomes 


H(n) = ¥ (Dc(P) - D) 0 Dc(P;)/o N (38) 


for i = 1,2,3 ... number of data points from O to Dcl. Equation 38 is 
then iterated until H(n) goes to zero (.0000). 

The process of solving for the coefficients is greatly enhanced by 
the use of spreadsheets and microcomputers. Programs such as Lotus 
1-2-3 and Microsoft Excel allow the user to import the data directly 
into a spreadsheet and manipulate the data. The results for the 
INSTRON compliance used in this project were found using Lotus 


[Ze o- 
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A Fortran program is in development to solve this procedure but 


is not functional at this time. 
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APPENDIX D 
BUNDLE TESTING 

The failure load for graphite bundles was determined with the use 
of the Instron Universal Testing Instrument Model 4206 (INSTRON) 
and associated IBM INSTRON control software, version 4.01. The fiber 
strength statistics were found by removing the compliance displace- 
ment with the software developed in this appendix. The compliance 
displacement function was approximated by the curve fit detailed in 
Appendix C. The modified data was then used with software developed 
by Lt. Joseph Schmidt to determine the fiber parameters a and 8 for 
the given gauge length. 

All testing was completed in the Advanced Composites Laboratory, 
Naval Postgraduate School, Monterey. Laboratory Technician Mr. Jim 
Nageotte and Professor Edward Wu assisted with the preparation of 


samples and the testing. 


A. BUNDLE TESTING PROCEDURE 
The testing was completed in accordance with the following 
procedure. 
e Turn on INSTRON and allow 60 minutes to warm up. 
¢ Calibrate the INSTRON in accordance with posted procedures for 
mechanical and electrical calibration (only required for first test 


of the day). 


e Turn on attached IBM AT and enter INSTRON test software. From 
C prompt, type: MT\DATA\MT <enter> 


e Load sample into machine. 
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Ensure sample is vertically aligned correctly; adjust if necessary. 
Set zero load level. 

- Depress Load Bal button and then enter on the INSTRON. 
Set cross-head speed to .2 mm/min. 

Set gauge length. 


- Run cross-head up until a load of .2 +.02 kg is achieved. 
- Depress Gauge Length button on the INSTRON. 
- Run cross-head down until a load of zero is achieved. 
- Run cross-head up until a load of .2 +.02 kg is achieved. 
- Extension should read 0.0. If it does not, repeat all steps. 
- Run cross-head down until a load of zero is achieved. 
- Depress jog down switch twice. 
- Depress Gauge Length button. 
*(Crosshead Speed may be adjusted if necessary) 


Select appropriate test method. 

Enable IEEE interface. 

- Depress IEEE button on the INSTRON. 

Run the test. 

Plot the results. 

Plot on HP plotter using Plot option in INSTRON software. 
Put data into ASCII file. 


Dump data to hard disk or floppy disc using Utilities option in 
INSTRON software. 


Exit INSTRON software. 
Remove Compliance displacement. 
Rename test data file to TEST.DAT and put onto floppy disk. 


Place data disk in drive B: 
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e Place compliance removal program disk in drive A: 
e Type T5 <enter> 
The disk in drive B: now contains the data with compliance 
removed and the data with compliance not removed. The data is now 
ready to be run in the software developed by Lt. Joseph Schmidt that 


will retrieve the fiber parameters a and B. 


B. PROGRAM LISTING 

The compliance removal program “program T5” takes the five 
coefficients for the curve fit compliance function and then for the cor- 
responding load subtracts the displacement from the data due to 
compliance. The method for determining the compliance curve fit 
coefficients is detailed in Appendix C. 

The program is written in Microsoft Fortran 4.01. It will run on 
any IBM/compatible personal computer. To operate the program, 
place the program disk into the A: drive. The data disk must be placed 
into the B: drive. When this is completed, type: T5 <enter>. 


PROGRAM T5 
SUBROUTINE LISTINC: 


INIT Initializes arrays to zero 

LOAD Opens the data file and reads in the machine data 

CONVERT Converts machine data into SI units 

REMCON e Prompts the user to input the compliance curve 
coefficients 


¢ Removes the displacement from the data due to 
compliance 
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OUTPUT Writes to the B: drive the modified data 


VARIABLE LISTING: 


DDISP(6000) Test displacement data 

DLOAD(6000 Test load data 

INDEX Test data point counter 

XCONV Displacement conversion factor 

YCONV Load conversion factor 

Al Compliance curve coefficient 

A2 Compliance curve coefficient 

N Compliance curve coefficient 

A3 Compliance curve coefficient 

A4 Compliance curve coefficient 

DCl Transition displacement between two curve fit 
equations 

ZERO Noise level of load cell 
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EROCRO ae 


‘eslestesestesicsieslcvicdtestesieslcucdesedvedessvedcicdevedededevevevesedevevedevedcvevevedesesdesevdevescslcdevescvevevevesiesesleclesleslesleslese 


* PROGRAM TS * 


oss 96 Je ar 


* THIS PROGRAM WILL TAKE INSTRON 4200 SERIES BUNDLE RAW DATA OUTPUT 
* AND ALLOW THE USER TO CONVERT THE DATA INTO DESIRED UNITS AND TO * 


TO REMOVE MACHINE COMPLIANCE DISPLACEMENT. 


THE INPUT DATA FILE * 


MOST BE PLACED IN THE Baer te 


THE INPUT DATA FILE MUST SBE 


* NAMED TEST. DAT. A MAXIMUM OF 6000 DATA POINTS IS ALLOWED. TO * 
* EXECUIE THE PROGRAM, PLACE THE PROGRAM DISK IN THEA DRIVES * 
* TYPE A-T5 AND HIT ENTER. tHE USER SHOULD THEN FOLLOW THE SCRERhIS 
* PROMPTS. % 
% THE REQUIRED INPUDRS sani % 
* ~ NUMBER OF DATA POINTS % 


ry a“ 


CONVERSION FACTOR FOR LOAD AND DISPLACEMENT we 
- COMPLIANCE CURVE PARAMATERS (IF DESIRED) 
* THE OUTPUT DATA FILE WILL BE PUT ON THE DISK IN THE B DRIVE AS 7% 
7 FILE EXP Eee ele A SUMMARY PRINTOUT OF THE INPUT IS PLACED ON * 
* THE DISK IN THE B DRIVE@as DAreon: Pie %* 


Srigaese ae a tke ital alah de sel ak eel ek iri) where eieter crisis 
REAL XCONV, YCONY, ‘i ,A2,A3, Ad N ee canis ata 
+ZERO 
INTEGER I ,J,DP,INDEX (C000), 
PRINT*, ‘**** RUNNING PROGRAM T5 *ve%! 
PRINT* 
CALL SUBROUTINE INIT TO INITIALIZE ARRAYS 
CALL INITCDDISP ,DLOAD , INDEX , XCONV , YCONV ) 
* CALL SUBROUTINE LOAD TO LOAD IN DATA INTO PROGRAM 
CALL LOADCDDISP ,DLOAD , INDEX, DP) 


ALLOW USER TO CO} VERT DATA INTO DESIRED UNITS 


evededevesevedvedededededevedeveve SS CTS ya! 


PRINT*,' DU YOU NEED TO CONVERT DATA INTO [SI] UNITS’ 
PRINT“, ' THIS SHOULD ONLY BE REQUIRED FOR MACHINE TEST DATA’ 
PRINT," IF YES TYPE 1, ELSE TYPE 0 TO CONTINUE’ 
READ" ,Q 

IF(Q .EQ. 1) THEN 


** IF USER DESIRES TO CONVERT UNITS CALL SUBROUTINE CONVERT TO CONVERT 
* DATA 
CALL CONVERT( XCONV, YCONV,DP,DDISP,DLOAD) 
ENDIF 
CALL SUBROUTINE REMCOM TO REMOVE COMPLIANCE FROM DATA 
CALL REMCOM( DDISP,DLOAD,A1,A2,A3,A4,N,DP, ZERO, DC1) 
CALL SUBROUTINE OUTPUT TO OUTPUT DATA INTO DATA FILES ON DISK B 
CALL OUTPUT( INDEX ,DDISP,DLOAD,A1,A2,A3,A4,N,DP, ZERO, XCONV, YCONV, 
+DC1) 
PRINT*,' 
END 


else \arlsriyrior scree ae kicy 


veers END OF PROGRAM 27! 
Sevevedsvedsdscdedededededevededevedededvedssedess 
~ SUBROUTINE INIT 


vis ois 


THIS PROGRAM WILL INITIALIZE THE DATA ARRAYS, INDEX AND CONVERSION * 
FACTORS PRIOR TO INPUTING NEW DATA. ¥ 


we Je 
ay @v 


Sedesesesedeceveseseceseseslevedetesleslesesesesleveveds seseseceslesesedevese 
? 


Wh iciseliriee nb isb ih Giese ls ais sevesevevededtedsvevevedededesedesevesededededevevedsdedededersdeveves 


SUBROUTINE INIT(DDESP, DEOAD TKDE] eae a 


Ze VOD VOVE SOI DOME FETS ISTE NETO NE IE Jeveved 
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REAL DDISP( 6000) ,DLOAD( 6000) , XCONV, YCONV 
INTEGER INDEX(6000) 
* PRINT HEADER 
PRINT*, '#%* RUNNING SUBROUTINE INIT 2%" 
PRINT 
* RUN LOOP TO SET DATA ARRAY INDEX, DDISP AND DLOAD TO 0 
DO 10 I = 1,6000 
INDEX(I) 
DDISP(I) 
DLOAD(I1) 
10 CONTINUE 
* SET CONVERSION FACTORS TO 1.0 


Hou ou 


0 
0. 
0 


XCONV = 1. 
YCONV = 1 
END 
Sesesedesescseueseveseveveseseueseseucveseveseskesesevestesescseskestesesesesesicsevevenkesesesese seseseskesicsicvesicskedesedevesteseseslesesicslesicvesesk ve 


* SUBROUTINE LOAD * 


¥ SUBROUTINE LOAD WILL OPEN DATA FILE B-TEST. DAT AND READ IN THE * 
% DATA WITH AN UNFORMATTED READ STATEMENT. THE NUMBER OF DATA * 
* POINTS (DP) TO BE READ MUST BE ENTERED CORRECTLY OR PROGRAM WILL 
* ERROR OUT IN THIS SUBROUTINE. 
Seuescue3e e303 Ne hs Se Celie lar Oy (sea bi bk oe lee r er ber rr ir GR ie Ge birt ok ir bk Ge irl be oe bir iE ed 
“SUBROUTINE LOAD(DDISP, DLOAD, INDEX DP) 
REAL DDISP(6000) , DLOAD( 6000) 
INTEGER I,DP, INDEX(6000) 
fe ERINI HEADER 
PRINT*, ‘9% RUNNING SUBROUTINE LOAD *%*%*' 
PRINT* 
ere Pw DEVICE 15, FILE B-TEST. DAT 
OPEN(15,FILE='B-TEST. DAT' ) 
fered. NUMBER OF DATA POINTS (DP) 
PRINT*,' INPUT NUMBER OF DATA ELEMENTS TO BE READ' 
PRINT*,' @@@ MAXIMUM INPUT VALUE IS 6000 @@@' 
READ* , DP 
RUN LOOP TO READ IN DATA POINTS INDEX, DDISP AND LOAD 
He 40 I = 1,DP 
READIES ,*) INDEX(1L) ,DDISP( 1) ,DLOADC1) 
10 CONTINUE 
Woon DEVICE 15 
SEOSE (15) 
. 
Wsewssese CS Sieh ive ide ach Age Wao abe vy Le gi Tory fake tole ae Soe tak hake) Se rh elk Ye dr de fe) Se Se ee Sed Le Pe) ey Rk ae ee aloe oie ie ek ae eae 


* SUBROUTINE CONVERT Ee 


af 
“~ 


oh 
aay 


af. 


* SUBROUTINE CONVERT WILL CONVERT THE DATA FROM FILE TEST. DAT INTO * 
* WHICHEVER UNITS THE USER DESIRES. THE USER MUST INPUT CONVERSION * 
* FACTORS WHICH WILL BE DIVIDED FROM THE ORIGINAL DATA. THE X CONV * 
* CORRESPONDS TO DISPLACEMENT AND THE Y CONV CORRESPONDS TO LOAD OR * 
* FORCE. IF NO CONVERSION IS DESIRED, ENTER 1 FOR THE CONVERSION a 
s eo: 3 
BEMIS TEE TEE ETE ETE TOTS TONE Te OTE TEES TE TE TE TE ESBS ETE TE TE TET ETE TEES TEE LED SE BEDE EEL ESERIES EDEPEEE ERED TERED EDEL ESET EDP AESEE 

SUBROUTINE CONVERT(XCONV, YCONV,DP ,DDISP ‘DLOAD) 

REAL DDISP(6000) ,DLOAD( 6000), XCONV, YCONV 

INTEGER I,DP 
PRINT HEADER 
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PRINT*, ‘2% RUNNING SUBROUTINE CONV 7%! 
PRINT* 
PRINT*, 'PROGRAM T5 WILL CONVERT DATA INTO [SI] UNITS' 
PRINT* 
* INPUT X OR DISPLACEMENT CONVERSION FACTOR 
PRINT*,' INPUT X CONVERSION (DISPLACEMENT) ' 
READ*, XCONV 
* INPUT Y OR LOAD/FORCE CONVERSION FACTOR 
PRINT*,' INPUT Y CONVERSION (LOAD/FORCE)' 
READ*, YCONV 

CONVERT DATA 
DO 10 I = 1,DP 


+ 


DDISP(I) = DDISP(1)/XCONV 
DLOAD(I) = DLOAD(I)/YCONV 
10 CONTINUE 
END 
kl ee ba hi bo hk ira eae Oe ako Lk hee Re TL eae) Sel oe ide ae ek x hak ik eh hal eel okh seis) eh te) or sige fae loelectoriseteriye cic) ne 
% SUBROUTINE REMCON ve 


* SUBROUTINE REMCON WILL IF THE USER DESIRES REMOVE THE MACHINE 
* COMPLIANCE DISPLACEMENT FROM THE DATA. THE USEK MUST INPUT aie w 
** COMPLIANCE CURVE PARAMETERS AND THE DATA ZERO LOAD LEVEL. * 
* THE USER SHOULD TAKE CARE TO ENSURE THE COMPLIANCE PARAMETERS Algae 
* Aree. See ele ae cue Src ipnenen ane cae % 


“ney ¢ <9 w78 Edy er keris ray wey 


cveaestesc Nese 


“SUBROUTINE. REMCOM(DDISP. DLOAD AL, AD. Ng, “Ad WN, ae ZERO. oe 
REAL DDISP( 6000) ,DLOAD( 6000), Al sAl Ae Vey N, ZERO ‘Dew 
INTEGER 1,DP,Q 
PRINT HEADER 
PRINT*, '** RUNNING SUBROUTINE REMCOM *?<%°' 
PRINT* 
* ALLOW USER TO REMOVE COMPLIANCE FROM THE DATA 
PRINT*,'DO YOU DESIRE TO REMOVE THE MACHINE COMPLIANCE FROM THE DA 
+TA' 
PRINT*,'IF YES TYPE 1, ELSE TYPE 0 TO CONTINUE’ 
READ* ,Q 
IF(Q .EQ. 1) THEN 
IF USER DESIRES TO REMOVE COMPLIANCE, INPUT COMPLIANCE PARAMETERS 
PRINT*, INPUT COMPLIANCE CURVE COEFFICIENTS' 
PRINT*, INPUT Al' 
READ*,Al 
PRINT?) INPUE AQ: 
READ* , A2 
PRINT*, ‘INPUT N' 
READ* ,N 
PRINT*, ‘INPUT A3' 
READ* , A3 
PRINT*, INPUT A4' 
READ* , A4 
PRINT*, ‘INPUT DC1' 
READ* ,DC1 
PRINT*,' INPUT ZERO NOISE LEVEL (LOAD IN KG)' 
READ* ZERO 
‘* REMOVE COMPLIANCE DISPLACEMENT FROM THE DATA 
PRINT* 
PRINT* * REMOVING MACHINE COMPLIANCE FROM DATA : 


at 
nr 
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PRINT* 
PO 100 I = 1,DP 
* DETERMINE IF DISPLACEMENT DATA IS IN COMPLIANCE POWER CURVE OR 
* LINEAR REGION AND SUBRTRACT CORRECT AMOUNT OF DISPLACEMENT 
PaCOLOANC I). bl. ZERO) THEN 
COTGr9S 
ENDIF 
PPiIsP( i) . Lt. Bele then 
DDISP(I) = DDISP(I) - (CA1*(DLOAD(I)**N)) + A2) 
ELSE 
DDISP(1I) = DDISPC(I) - (CA3*DLOAD(I)) + A4) 
ENDIF 
99 CONTINUE 
100 CONTINUE 
ENDIF 
CONTINUE 
END 


¥ SUBROUTINE. ‘OUTPUT ¥ 


sevlesicseslevicsteslcsvsicsleseseslevesescseveslcscsveseslesisvevcsesicveseseveseseslcdedevedesevese deaevedesecededesicdede deve 


Se SUBROUTINE OUTPUT WILL WRITE THE DATA TO FILE EXPER. OUT. IT WILL * 
* ALSO CREATE A DATA SUMMARY FILE AS DATCON.PRT . THE OUTPUT FILES * 
* a Ree ONTO. Cel ee i rel 2 ae: * 


seveveve ssdedkdedevews ove Sse ese re Tere sete Ne Me se Teese ese SET Se Te Te TE SESE TE TERE TESTS ETE 
‘SUBROUTINE OUTPUT( INDEX, DDISP “DLOAD ,A15A2,A3,A4,N,DP,ZERO,XCONV, 
tT YGONY ,DC1) 
REAL DDISP( 6000) ,DLOAD(6000) ,A1,A2,A43,A4,N, ZERO, XCONV, YCONV 
INTEGER 1,DP,INDEX(6000) ,Q 
PRINT HEADER 
PRINT* , ‘2% RUNNING SUBROUTINE OUTPUT *7%' 
PRINT 
10 PRINT*,'DATA WILL BE OUTPUT TO FILE B-EXPER. OUT' 
Meer? USER TO PLACE TARGET DATA DISK IN DRIVE B- 
PRINT*,' ENSURE A DISK WITH SUFFICIENT SPACE IS IN DRIVE B-' 
PRINT*,'TYPE 1 TO CONTINUE’ 
READ* ,Q 
mes) NE. 1) GOTO 10 
een VEVICE 12 AND WRITE DATA TO FILE B-EXPER. OUT 
OPEN(12, FILE='B-EXPER. OUT’ ) 
moeitO0 J = 1,DP 
peePTEC 12,900) INDEX(1) ,DDISFC1) ,DLOADCI) 
100 CONTINUE 
. i: DEVICE 12 
S5U5E( 12) 
* ALLOW USER TO CREATE A DATA SUMMARY FILE 
PRINT*,'DO YOU DESIRE A SUMMARY PRINTOUT FOR THE DATA CONVERSION’ 
Rind, IF YES TYPE 1, ELSE TYPE 0 TO EXIT' 
READ* ,Q 
See Usk DESIRES DATA SUMMARY FILE, OPEN DEVICE 12 AND WRITE 
* PARAMETERS TO FILE DATCON. PRT 
maCOee Bo. 1) CHEN 
OPEN(12, FILE='B-DATCON. PRT' ) 
Rie 2., 9 10)) 
WRITE(12,911)DP,XCONV, YCONV 
Viepieley 912) ZERO DCI 
WRITE(12,913)A1,A2,N,A3,A4 


+ 


af 
“ 


at. 
ve 


af 


9G) 


G@HOSE( 12) 
ENDIF 
CONTINUE 
* WRITE FORMAT STATEMENTS 
900 FORMAT( 16,1X,F9.4,1X,F9. 4) 
910 FORMAT( ‘COMPLIANCE REMOVAL DATA CONVERSION COEFFICIENTS’ ,//) 
911 FORMAT( 'NUMBER OF DATA POINTS' ,8X,17/ 
1 'X CONVERSION FACTOR 55610. 7/ 
2 "Y CONVERSION PAGHOR "ob 10. 7/7) 
912 FORMAT( 'ZERO NOISE LEVEL (KG)' ,10X,F7. 4/ 
i "DC1 -LINEAR SECTION- ',8X,F9.4//) 
913 FORMAT( 'COMPLIANCE CURVE COEFFICIENTS '// 


1 "POWER FACTOR PORTION'// 
2 al — ys 

3 "A2 = ' ,F6.4/ 

4, Ne =e Cn Cy, 

5 "LINEAR PORTION' // 

6 "A3 = ',F6.4/ 

7 ea JF6.4/) 


END 


APPENDIX E 
TEST DATA 


A. COMPLIANCE TEST DATA 

The INSTRON compliance test data forms are contained in this 
appendix. They are tabulated in Test Number sequence. The raw data 
is stored on the IBM AT personal computer in the Composites Labora- 


tory, Naval Postgraduate School, in director MT/DATA/ as file (Test 
Number).MAD. 
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NPS Coapesites Lab 
U.S.Naval Postgraduate School 
Monterey, CA 


Fiber Bundle Compliance Curve 
cero guage length } 


~15 se/ein 
Test type: Compliance Curve Instron Corporation 
Series IY Autorated Materials Testing System v4,0ic 
Qperater name: Jim Test Date: August 5,1988 
Sarple identification: OGL10508 Sample Type:  bndl 
Interface Type: 4200 Series 
Machine Farameters of test: 
Sample Rate (pts/secd: 10,00 Huerdity ( x ds b0 
Crosshead Speed (ea/ain }: 150 Temperature (deg. F): 70 
Dirensions: 
Spec. 1 
Lin. Density (den) 2036.0 
Gauge length (ez) 1.0060 
Cut of 1 specieens, 0 excluded. 
Load Displcrent X Strain Displcament Load 
Medulus at at at at at 
Specinen label? Naxieur Break Break Kaxisus Maxirun 
huaber (gn/den) (Kg) (ra) (x) (na) (kg) 
1 gocd Tay ES Ching JON 30.11 2942 27.57 
Mean: eens) Cisol 3011 g051) 2942 ae 
Standard 
Deviation: 9 00 RBar eseess Setesesa= | Has seeee-= eee o-oo ee 
Mean - 
CcO0 @SdVt RRR SSS SSN eS a a i ee 
Kean + 
2,00 # Sdv: eee e cet eee eee ee ee ee een e een n ene nee cence nen e reer eeee-- 
Minisun: bere Cie: 2011 a0.) 274 oF.97 
Maximus: Chris 29.57 3011 30.11 2942 oto7 
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VERSION 4.01¢ 
Sanple ido: W6LIos5og oer ciate. = Align t 7,198 
per iss J C0l s oeee 1G Version date : 06/07/88 
Report filet 34 e@ivatcir © Jim 
Pee GIVers7ciy) : Ga 7 ONG GY 9B etl Go CY sn aie OOOO 
MeeanvVersion : 2.20462300 Y AD efiset : AEE 
Sample rate : BO. OO Extensemeter : NO 
A/D range : ) Autestart : OFF 
Pato type =: ALIOMATIC Gecnmeny 2 CYLINDER TCA. 
rarity jceeaci wionwes 1 I Calat “e@eanic. = ~OUOWO 
ienierettre + 70 Himparycy =; 60 
Test type : DENIER # specimens ¢ 1 
Bem tyor = brndl Entry cimens : YES 
Krealt. check. : POW CIO Thresh cloJay 3: 8 Vee Ba 
eee) Limit 3 Da ie od: ee) Ese beiis lan. : ert 


Sample dimensions ¢ 


fy: ~O394 Fi: OOOC) 


aU eT eyes OG LA) eer US 4 Ws SOG here SNe 
Soeci men tos il SUC GGG ,eeneey tits of Tike DETECT 
Mazimum Joad Cee 17) Pari Jeverd perint. # : et 
eis @Htens : soils Max extens pnt # : pao 
Number ef elements : 1309 
SpetcyMo SiMe .EOns 
Ay: pO sgavyirl is GOO CHICO) Cs a7 Sy le 2: NOs 37 Ove ban 


Auxiliary Input Array # ] 
PRK RN HX VRP KPT PNK EHR HK KEP HR HEH VV ERED HHH PH KH H HE HHH ED 
Cererliary Input Array + c 

BRA AGH REPKE RH KD BRI RH BHRVKHKD FKP PHH ER PH PUR H MOK WH KH RH HSH 


om mee me ew st st ee ee es mm te ee 


iS 


B. BUNDLE TEST DATA 

The INSTRON bundle test data forms are contained in this 
appendix. They are tabulated in Test Number sequence. The raw data 
is Stored on the IBM AT personal computer in the Composites Labora- 
tory, Naval Postgraduate School, in directory MT\DATA\ as file (Test 
Number).MAD. 
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COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST METHOD (70 CM) 
Test gethod for Instron 4206. Used for testing AS-4 
Graphite bundles (appx 1000 fibers) 


Test type: OIL BUNDLE 


Operator name: MARK JONES 


Sample Identification: 08090) 
Interface Type: 4200 Series 
Machine Parameters of test: 

Sample Rate (pts/sec): 6.67 


Crosshead Speed (mm/min ): 7.000 


"BATCH 1D! 060901 70 CM WITH OIL 
Dieensions: 
Spec. | 
Lin. Density (tex) 2036.0 
Sauge length (an) 700.00 
Out of | speci@ens, 0 excluded, 
Displceent X Strain 
at at 
Specimen Haxleua Maxieun 
Number (en) (%) 
| deeto 74B6 
Mean: 9.240 »74B6 
Standard 


wren wr ew ee 


Deviation: 
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Instron Corporation 
Series IX Autonated Materials Testing System v4.0lc 
Test Date: September 68,1988 


Saeple Type: AS-4 


Hugidity (X)3 50 
Teaperature (deg. F): 73 


Load 
at 
Max1fua 

(KN) 


clidoe 


COMFOSITES LABORATORY 
NAVAL POSTGRADUATE SCKOOL 
MONTEREY CA 93740 


GRAPHITE BUNDLE TEST (5 CH) 


Test type: Yarn/Fiber Instron Corporation 

Series IX Automated Materials Testing System v4.0lc 
Operator name: Mark Jones Test Date: Septesber 9,1988 
Sample Identification: 090901 Sasple Type: AS-4 


Interfece Type: 4200 Series 
Machine Parameters of test: 


Sample Rate (pts/sec): 3.93 Humidity ( & ): 30 

Crosshead Speed (ma/ain ): 900 Tesperature (deg. Fi: 73 
"BATCH 10° 090901 
"OIL OR NO OIL' NO OIL 
Dimensions: 

spec., | 
Lin. Density (tex) 2036.0 
Gauge length (ma) 20.000 


Out of | specimens, 0 excluded. 


Displcaent % Strain Load 
at at at 

Specimen Maxieus Mavisue Maxipua 
Nusher (aa) (%) . (KN) 

l 4500 1.300 22549 
Mean: 06550 1.300 «2549 
Standard 
DevidCi ents: ete oe ee oo eee ena 
Mean - 

2.00 & Sdyg eneenne ene weer een nee cern ene ee- 
Hean + 

2.00 § Sdvp ------2--- 0 --en----2- 0 -----+-+-- 
Minisue: .6900 1.300 22349 
Maxieua: 6500 1.300 62349 


iis 


WerRoliOlW &.0l1c 
Sample id OFoFol lestedate + Sentember 7.19809 
Versien : 4.01¢ Vemoremeaate = 06/09/00 
Pepent filett : ji2 Operator =: Mark Jones 
X conversicn : moses 708 X A/D af fset a CIM 
Y conversion : 2 Veuaeoedoy Y A/N af fset : S(tDtIO) 
Sample rate : aye Gk! Extensamoter : NO 
A/D ranae : © Altes tart: OFF 
Paltab type =: AUTONATIC Geemetry : CYLINDRICAL 
Calit lead : Ors coe) cd Calib extens : OO) 
Mempeareture <: 7a Him acy Geymeie cs) 
tect type : DENIER + specimens 3: }. 
Har type : AS-4 Entry Gunes) +) Yeo 
Eyreatk check: : POS oC) Thresh delay : 22°) See 
med Limit ¢ 112.40450 Ee Ce iiS) aoe mid Gee ei.) 
Sample dimensians : 
A: a7 Be ya 4.0000 Pe 7oes as ~O394 2 i) 
Specimen os j Test end status : 10 
figecdaniem load : Pie ee he a ac. Aca (recht AF : cet) 
Mat tens : Oe? Max extens pnt ss: ge | 
Number of elements : 463 


Specimen dimensicens 


Al: ele a7 thls lee POR SUG als eee 7 Odeo sil) 


Paeeaiitary Input Array # 1 


HHKM EHH 


Auxiliary Input Arrey te 


EME H HER HHA RR PARR HH KEK RHE RHEKKKHKH FHV HEH FR KHHHE HU D¥H VW 


a ee en nnn nen I NE eee eee 


KEM REE PHA HE RH MPTH HHH SHH HHDH 
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YRPRHHH KEK DH > 


MO ee ae 


eN Ye D> weNY 


GRAPHITE BUNDLE TEST (.5 CHM) 


Test type: Yarn/Fiber 


Operator name: Mark Jones 


Sample Identification: 070902 

Interface Type: 4200 Series 

Machine Parameters of test: 
Sarple Rate (pts/sec): 


Crosshead Speed (aa/ain ): 


"BATCH ID’ 
‘OIL OR NO OIL' 


090902 
NO OIL 


Dimensions: 
Lin, Density (tex) 
Gauge length (en) 


Out of 1 specimens, 


COMPOSITES LARORATORY 
NAVAL FOSTGRADUATE SCHOOL 
MONTEREY CA 93940 


Instron Corporation 


Series IX Automated Materials Testing System v4.01c 


Test Date: Septeaber 


Sasple Type: AS-4 


aod Kueidity ( X ): 0 
050 Temperature (deg. F): 
Spec. | 
2036.0 
9.0000 


0 excluded. 


Displceent % Strain Load 
at at at 

Speciren Maxinue Maxisua Maxiaue 
Nuaber (nn) (%) , GEN) 

l 12000 3.000 2034 
Mean: 20 5.090 62034 
Standard 
Devidtiegt S-ssc5= sete sooo eee 
Mean - 

2,00 & Sdvs ceecceeene cowcwcwcee srcnnccene 
Mean + 

C,00 & Sdvt ----------  -eennee--- 0 ---------- 
Minimums .2300 5.000 2034 
Maximum: LINO 3.000 2034 
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9, 1988 


73 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (.5 CM) 


Test type: Yarn/Fiber Instron Corporation 

Series IX Automated Materials Testing System v4.0tc 
Qeerator name: Mark Jones Test Date: September 9,1998 
Sample Identification: 090903 Sarple Type: AS-4 


Interface Type: 4200 Series 
Machine Parameters of test: 


Sasple Rate (pts/sec): add Humidity ( % ): 10 
Crosshead Speed (ma/min ): 050 Teeperature (deg, F): 73 
"BATCH 1D' 090993 


‘OIL OR NO DIL’ NO OIL 


Digensions: 
Spec. 
Lin. Density (tex) 2034.0 
Gauge length (es) 3.0000 


Qut of { specimens, 0 excluded, 
Saeple comments: Maxieum Load 22.36 kg Relaxtaion Load to 21.33 kg 


Displement X Strain _ Load 


at at at 
Specimen Maximun Mayinur Mavim@un 
Nusber (on) (4) (FN) 

} 2901 5,000 2194 
Mean: .2000 5.000 2494 
Standard 
ISIE) GOD Se ch oe ac 
Mean - 

ORO QRNE GUY Gamma ae eae S aaa === 
Mean + 

2.00 € Sdvi carrer rrr n nn ro rcrre ne cer eeten-- 
Minieus: .2900 5.000 2194 
Maximus: .2900 5.000 02494 
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COMFOSTTES LABORATORY 
NAVAL FOSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (.5 CM) 
Test type: Yarn/Fiber 
Qoerator name: Mark Jones 
Saeple Identification: 090704 


Interface Type: 4200 Series 
Machine Parameters of test: 


Satole Rate {pts/sec): 33 
Crosshead Speed (mm/ain ): 050 
"BATCH ID! 090904 
‘OIL OR NO OIL' NO OUL 
Dinensicns: 
Soec.. | 
Lin. Density (tex) c036.0 
Gauge length (aa) 9.0000 


Qut of 1 specimens, 0 excluded. 
Sasple comments: Sneciein is slipping and test stopped at .46 a2 


Displcment % Strain 
at at 

Specimen Mayvinue Maxigua 
Nusber (a2) (x) 

] .c700 5.400 
Mean: 62700 5.400 
Standard 
Devi (AC 00 ae ea ee 
Mean - 

2.00 # Sdv3 -nne------  ---------- 
Mean + 

2.00 & Sdv3 cwmeeeneee  cnrenn---- 
Minieum: o2700 5.400 
Mavieues ©2700 5.490 


LZ 


Instron Corporation 
Series IX Automated Materials Testing System v4.0lc 


Test Date: September 


Seeple Types 


Humidity ( X }s 


AS-4 


00 


Teaperature (deg. F): 


Load 
at 
Maxinum 
(KN) 


are eee eee 


o0da7 


eda? 


97,1988 


(k) 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (.5 CM) 
Test type: Yarn/Fiber 
Operator name: Mark Jones 
Sample Identification: 070905 


Interface Type: 4200 Series 
Machine Parameters of test: 


Sasple Rate (pts/sec); 03 
Crosshead Speed (an/min }: 050 
"BATCH 10' 090905 
'OJL OR KO OIL’ NO OIL 
Dimensicns: 
Spec. | 
Lin. Density (tex) 2036.0 
Gauge length (ea) 5.0090 
Out of | specimens, 0 excluded, 
Saeple cosments: Sample slipped 
Displcment 4% Strain 
at at 
Speciren Maxioun Maxisue 
Nueber (nn) (x) 
1 2900 9,800 
Mean: 2900 3.800 
Standard 
DEVigWONige cats ss> are ece=-= 
Mean - 
COUN GON oom oom o—) Sas eeon= 
Mean + 
CON) SY al 
Minimue: £2900 5.800 
Maximues 2500 9.800 
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Instron Corporation 
Series IX Automated Materials Testing System v4.0lc 
Test Date: September 9,1988 


Sample Type: AS-4 


Husidity ( % )3 39 
Tesperature (deg. F): 73 


, Load 
at 
Maximum 
(KN) 


we eeeeneece=e 


weve 


eyve 


segse 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (.5 CM) 


Test type: Yarn/Fiber 


Qperator nase: Mark Jones 


Sample Identification: 090906 
Interface Type: 4209 Series 
Machine Parameters of test: 

Sample Rate tets/sec): <add 


Instron Corporation 
Series I Automated Materials Testing System v4.0lc 
Test Date: Septeeder 9,1968 


Saeple Type: AS-4 


Husidity ( % ds 30 


Crosshead Speed (me/ain }: 050 Teeperature (deg. Fh: 73 
"PATCH ID 090904 
‘GIL OR NO OIL’ NO OIL 
Dimensions: 
Spec. | 
Lin. Density (tex) 2036.0 
Gauge length (ea) 9.0000 
Out of | specieens, 0 excluded, 
Saeple coeeents: SAMPLE SLIFFED 
Dispicement YX Strain _ Load 
at at at 
Snecjmen Maxieuve Maxieuve Naxisua 
Hueber (na) () (KN) 
: ! .2400 4.800 »2644 
Mean: 2400 § 800 2664 
Standard 
Deval Lons sss nt ee ce ee eS eee 
Mean - 
A i ee 
Mean + 
0.00 & Sdv3 cocccencee cecccecere snececenn+ 
Minisua: 2400 & B00 »2644 
Maxisue: 2400 4,600 .c6b4 
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COMPOSITES LABORATORY 
NAVAL POSTBRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (5 CM) 


Test type: Yarn/Fiber Instron Corporation 

Series IX Automated Materials Testing System v4.0le 
Operator name: Mark Jones Test Date: Septeeber 9,1988 
Sarple Identification: 090907 Saeple Type:  A5-4 


Interface Type: 4200 Series 
Machine Parameters of test: 


Sample Rate ipts/sec): 3.33 Humidity ( X% de 0 
Crosshead Speed (mm/ein }: 500 Temperature (deg. F): 73 
"BATCH ID! 090907 
"OIL OR NO OIL’ NO OIL 
Tinensions: 
Spec. | 
Lin, Density (tex) 2034.0 
Gauge length (ea) 90,000 


Out of 1 specimens, 0 excluded. 
Saaple coevents: SAMPLE SLIFFED AT END OF TEST TEST STOFPED BY OFERATOR 


Displement % Strain . Load 


at at at 
Specimen Maxinua Maxinue Naxleue 
Nurher (sn) (%) (KN) 

l .6500 1,300 62026 
Mean: 66500 1,390 62026 
Standard 
Devon wean chee sere reese) aHease ese 
Mean - 

CPUU REE OVtge one cee > Cree eeme arr a eae a So 
Mean + 

C.00 & Sdvg ececencene  cncecernn- cece ccenn- 
Miniaua: .6590 1.300 .2026 
Maxigua: .6500 1.300 .2026 
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GRAPHITE BUNDLE TEST (5 CH) 


Test types Yarn/Fiber 


Operator nase: Mark Jones 


Sample Identification: 070908 

Interface Type: 4200 Series 

Machine Parareters of test: 
Sample Rate (pts/sec): 


‘BATCH 1D! 
“O1L OR NO OIL’ 


090908 
NO OIL 


Dimensions: 
Lin. Density (tex) 
Bauge length (ma) 


Dut of 1 Specirens, 


ora 
Crosshead Speed (#m/ain ): 


COMPOSITES LABORATORY 
NAVAL POSTGRALUATE SCHOOL 
MONTEREY CA 93940 


Instron Corporation 


Series IX Automated Materials Testing System v4.0lc 


Test Date: September 


Sasple Type: AS-4 


Humidity € 4): 30 


0 excluded, 


»J00 Teeperature (deg. F): 

Spec. | 
2036.0 

90.00 

Displcment % Strain Load 
at at _ at 

Specimen Maxinue Naxieua Naximua 
Nueber (mn) (h) (KN) 

1 6400 1.280 secu 
Neans 6400 1.289 seca? 
Standard 
Deviations’ testes ccsS 9--$°" So eae 
Mean - 
€.00 8 Sdvt <2s2s2sc$5 seers n ooo eames 
Nean + 
2.00, % Sdvt s<=9-<<== = S6=s-9Se0-) Boao 
Minium: 6400 1.280 meted he) 
Maximua: 6400 1.280 peedy 
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9, 1988 


73 


wenslON &.0ic 
Sample id 3: Oo9N9N8 Test date : September 9.1960 


Meiraram 9 4.8 he Version date : 06/09/88 
Depart Tilett : ic Operator : Mark Jones 
X caonversian ; 28737008 X A/D affaet : PB LG Ta tS 
Peeeenivor sic ¢ 28.204 60300 Yorn) Cohieart = 2 OOO) 
Sample rate : Said Extensoameter =: NO 
A/D range : O Me berseait <¢ OFF 
Eatrib type : AUTOMATIC Becumetizy =: CYLINDRICAL. 
Calith load : Piece 1 Calib extens : 2 EO 
Temperalture : 723 iiieigoey fC) 
Test type : DENIER # Specimens : i 
Bar type : AS-4 Evitiy Otinews 3 YES 
Hreak check : PO. eno0n Thresh delay : pee (isd 
Mead Lignrt =: Wie HOt ato Ertens limit =: eS ae 


Samp] e 


AY: 


chi mens} 


OYE 5 


JOSS 


Be Peae4 . conn c: Pao Soo Ds AIDS fee, wilh) 
Specimen ts: iF Test end status : 10 


Pass timtiin Jeouncl odreent ied Pare rca) py Lave tt : es 
Mas exbtens 0 (Ey ot Max extens prt : ign 

Mumber «ef elements : 40 

Specimen dimensions : 

As POs Veg ie Nee tose’. OOUOCIMO Cs We POS as 1): noe a7 oie stil) 


Ausiliary 
HREM HEM 


Input Array # 1 
RWHEVRE KHBVBHGEH HK FRE MREP SE BHF H RH HHMHRH HY 
Auxiliary Input Array it 2 

HIER YH HXEKH EH HUH RTH HOH DH RY 


FRBEMHRSE HWEHY HR ¥ ¥»w.YweNY 


PUREED VERRY D BUREN N FREE MY 


te re ee ee re re ee rr i ee rm mm mm es ee eae ee 
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GRAPHITE BUNDLE TEST (5 CH) 


Test type: Yarn/Fiber 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


Instron Corporation 


Series IX Automated Materials Testing Systen v4.0ic 


Operator nate: Mark Jones Test Date: Septeaber 
Sasple Identification: 090909 Sample Type: AS-§ 
Interface Type: 4200 Series 
Machine Parareters of test: 
Sample Rate (pts/sec}: 3.33 Hue ie tivated: 30 
Crosshead Speed (me/rin }3 200 Teeperature (deg. F): 
"BATCH 1D' 090909 
"OIL OR NO OIL’ OIL 
Dimensions: 
Spec. | 
Lin, Density (tex) 2036.0 
Gaug? length (en) 50.000 
Out cf | specimens, 0 excluded. 
Sasple cearents: OIL SAMPLE 
Displement X Strain foad 
at at at 
Specimen Maxieun Maxioun Maxieua 
Nueber (ma) (4) (EN) 
} 6500 1.300 “core 
Nean: »6509 | .300 cca 
Standard 
Deviations: Sssericsc": cose nose cee cece eee 
Mean - 
ee We Oy a 
Mean + 
2 OOS SOV 8 Sener ceri Sea anes 
Minieur: 6390 1.300 wca74 
Maxieus: 6590 1.300 .c374 
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9, 1988 


a3 


PeaslON &.01c 


Sample id : O90909 Test date : September 9.1988 
Version : 4.Q01ic Version date : 06/09/88 
Report filet : 12 Operator : Mark Jones 
X conversion °: e573 7008 X A/D affset : AOC 
Y eCoenversicon : 220K SC3900 Y A/D affset 3: 2 OOOO 
Sample vate 3: S.20 Extensometer : NO 
A/D range : O Autostart : OFF 
Calib type : AUTOMATIC Geometry =: CYLINDRICAL. 
Calib Joad : i TS eae a Calib extens °: QQ 
Temperature =: 793 Humidaty = 30 
Test type : DENIER # Specimens : J 
Har type : AS-4 Britt yeouneiniourcs YES 
BRreak check : 10.00000 Thresh delay : eeenth 
Beat limit. 112.40450 Extens limit : OFB43 


Sample dimensicans 


As 0O994 Be eget sono Ce 768s D: So 4 Be To 
Specimen dos: 1 Test end status : 10 

Piaveimtun ianad s: uC Maree yal aves dierent! rye viyt. al - . “her ig 
Meee G3 TENS : se iry Max extens pnt H : A} 

Number af elements : ei 

Specimen dimensions : 

A: fesse VASO Odom Cs levee o0n (Ds pVaga 705 sNt) 


Auxiliary Input Array # 1 
HEHE RH HR RBVH RY VK BH HH RH BH HHH HH MK KFREH KHVRVHHKHY EHV RAE HK BH WBBM eE BHBHAYH + 
Pi@@stliary Input Array #4 e 
MHHHHNEK HKU HH KHER K HUNK H KE HERVE HY KK RNK RHEE RH NINH HH Te 


— re rm rm er ee ee ee ee ee ee ee es es ea eas ae ee een Ee eee 


PAS, 


GRAPHITE BUNDLE TEST (2.5 CM) 


Test type: Yarn/Fiber 


Operator name; Mark Jones 


Sample Identification: 090910 

Interface Type: 4200 Series 

Machine Parameters of test: 
Sample Rate (pts/sec): 


Crosshead Speed (an/min ): 


"BATCH 10' 
‘OIL OR NO OIL' 


079910 
NO OFL 


Oirensions: 
Lin. Qensity (tex) 
Gauge length (na) 


Out of 1 specimens, 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


~~ 


Instron Corporation 


Series IX Automated Materials Testing Systee v4.0lc 


0 excluded. 


Test Oate: Septeaber 
Saeple Type: AS-4 

ely Hueidity ( ¥ )s 30 

1200 Temperature (deg. F): 

Scot! 
2936.0 
25.000 
Displceent % Strain Load 
at at at 

Speciren Maxieus Maxleues Maxinum 
Nueber (en) (X) (KN) 

i 4690 1.840 2174 
Mean: 4650 1.840 2174 
Standard 
Oevadt rong Sss2Ssecrs) eens oe eee cer 
Mean - 
C300 NSdyt s=sSaes==9 sees crest Saas amas 
Mean ¢ 
C700 EGU SSeS cae ea oo oe cae eae 
Minieus: 4600 1.840 2174 
Maximus: «4600 1.840 22174 
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9,1988 


73 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (2.5 CM) 
Test type: Yarn/Fiber 
Operator name: Mark Jones 
Sarple Identification: 100901 


Interface Type: 4200 Series 
Machine Parameters of test: 


Sapple Rate (pts/sec): 1.67 
Crosshead Speed (mm/min }; neo 
‘BATCH ID! 100901 
‘OIL OR NO OIL' NO OIL 
Dimensions: 
apec. | 
Lin. Density (tex) 2034.0 
Gauge length (2m) c5.000 
Out of 1 specisens, 0 excluded. 
Displcment X% Strain 
at at 
Specieen Maxieua Maxieus 
Nurber (an) (x) 
i 4300 1.720 
Mean: 04300 1.720 
Standard 
SOLES DS ai me 
Mean - 
PERU SSI oS a aaa Tlat 
Mean + 
(SUS SSN TE al a abacadata 
Mininua: 4300 1.720 
Maxieus: 4300 1.720 
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Instron Corporation 
Series IX Autowated Materials Testing Systea v4.01c 
Test Date: Septesber 10,1988 


Sample Types AS-4 


Humidity ( ¥ bs = 50 
Temperature (deg. F): a 


Load 
at 
Maxiaque 
(AN) 


wen nn enn == 


wee wwe ee ee 


2139 


2130 


VERS TONS ore 
Sample 10: 
Version ©: 
Report filet ; 


=m 


X convers 
Y ecanvers 


ay 
LC 


—f 


Game rate 
A/D range 
Calib type 
Calib load 
Temperature 
Test type 
Har type 
BRreat check. 
Load limit 


Sample dimensic 


re rr rs i re rs ee wm ws fe es ee ee ee ee ee ee ee ee ee ee ewe = 


A: Be ae 
Specimeia tk 
Marian arc 


Plate eae ies 


Munlorer oof 


Snecimoen dimens 


Avs ~OS7 37 Od 


AWS al ¥ 


¥H awe we sory se pe 


Aussrliary 


MRK HHH SV EDR HY 


me me ee ee ee ee ee ee ee ee a ee ee + -- K-- 


elements 


Propet 


Input Array 


LOO9O 4 
4.0O1c 
14 


O72 700 
Crear aul) 


tA i 
() 
AUTOMATIC 
pee Sle) 
73 
DENIER 
AS-4 
19. 0000C 
L12.494%50 


Ns 
Ba hoget. OG Ce 
i 
O7 .O00 


30S 


IONS 
Ets 


POSH? sO 7G: 


Array ft i 
RENEE PH RH HEY 
tt 2 


FNBr EN ¥ vueusewty eu 


a eo ee oe eS 
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Test date : 
Version date : 
Operatcar : 
X A/D af fset 3: 
Nori. at A See ee 
Ex tensome liar s 
Autastart : 
Geometry : 
Calib extems : 
HeUN Cl ity es 
# specimens 3: 
Entry dimens : 
Thresh delay : 
Ee bens mater 
Fo"? Ds 
Test end status 
Mast load prc 
PASEO eCL CTS, pit 
= POA eee 


PRY ave yw 


September 10,1998 
O6/077 38 
Mark Jones 
eerie tit 
2 CIOHOMD 
NO 
Ori 
CYETNPI TEA 
~ OOOC 
0) 
j 
vas 


1.12404 
4901 


394 Es: HO 
: 10 
It : 1 
$} : choeG 
sOS27 S701 ike 


RHR BRU BMY Hd OY 


Ve KREUH VV YH H RH KBRHPE HK HROUUNNHK REDDY 


GRAPHITE BUNDLE TEST (2.5 CM) 


Test type: Yarn/Fiber 
Operator name: Mark Jones 
Sample Identification: 100902 


Interface Type: 4200 Series 
Machine Parameters of test: 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


Instron Corporation 


Series IX Automated Materials Testing System v4.01c 


Test Date: September 10,1998 


Sample Type:  AS-4 


Satple Rate (pts/sec}: 1.67 Husidity ( X% ): 50 

Crosshead Speed (me/min }: 2299 Tesperature (deg. F): 
"BATCH ID' 190702 
'O1L OR NO OIL' OIL 
Dirensions: 

Spec. | 
Lin, Density (tex) 2036.0 
Gauge length (mn) 25.000 


Qut of 1 specimens, 0 excluded. 
Sasple comments; SAMPLE AFFEARED TO SLIP 


Dicplement % Strain Load 
at at at 
Specimen Maximus Maxiaur Maxifua 
Nueber (en) (4) ° (PN) 

} 9000 2.000 192e 
Mean: 9000 2.090 1922 
Standard 
Perm eae oo Spee ae eee 
Mean - 

2.00 # Sdvt ceweccnnne  ceecreecer = wenn ereree 
Mean + 

COUR hoGy ar caas oe, sso e eh Sena 
Minimums .5000 2.000 A922 
Maximus: 2000 2.000 hice 
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73 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (2.5 CH) 
Test type: Yarn/Fiber 
Operator name: Mark Jones 
Sample Identification: 100903 


Interface Type: 4200 Series 
Machine Parameters of test: 


Saeple Rate (pts/sec): 1.67 
Crosshead Speed (me/ain ): neo 
‘BATCH 3D’ 100903 
‘OIL OR NO OFL' OIL 
Dimensions: 
Spec, | 
Lin. Density (tex) 2036.0 
Gauge length (ma) 29.000 
Out of 1 specirens, 0 excluded. 
Sample coements: SAMPLE SLIPFED 
Displcment % Strain 
at at 
Specimen Maxinua Maxieur 
Nupher (rm) (x) 
1 4300 1.720 
Mean: 4300 1.720 
Standard 
DeVIGtIONi = csacsnaass) Soeeemasos 
Mean - 
CiO0 4 SUNG ar ao eee 
Mean + 
CHU (S00 tienen o= a -—ee eee 
Ninimuss - 4200 leven 
Maximur: 4300 }.7e0 
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Instron Corporation 
Series IX Automated Materials Testing Systes v4.0lc 
Test Date: Septerber 10,1988 


Saaple Type: AS-4 


Huaidity ( % Js 50 
Temperature (deg. F): 73 


Load 
at 
Naxigum 
(KN) 


209) 


Oe ee 


war eeeeeee 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (50 CM) 


Test type: Yarn/Fiber 


Operator name: Mark Jones 


Sample Identification: 100904 
Interface Type: 4200 Series 
Machine Paraeeters of test: 


Sarple Rate (pts/sech: 6.47 


Crosshead Speed (ma/ain }: 5,000 
"BATCH 1D! 100904 
‘QIL GR NO OIL' NO OIL 
Dimensions: 
Spec. | 
Lin. Density (tex) 2034.0 
Gauge length (mn) 300.00 
Out of | specimens, 0 excluded. 
Displerent X Strain 
at at 
Speciren Haxigue Maxraum 
Nuaber (an) (4) 
| 3.370 6740 
Mean: dya70 6740 
Standard 
LONE SIIG  aaacs a a 
Hean - 
EEUU cOWie meernccs=) Soar ece<ce 
Mean + 
FeO Sn a 
Minigum: eels 6740 
Maximum: dea 6740 
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Instron Corporation 
Series IX Automated Materials Testing Systen v4.0ic 
Test Date: September 10,1988 


Saeple Type: AS-4 


Humidity ( % ): 30 
Teaperature (deg. F): 13 


Load 
at 
Maxioua 
(KN) 


a-aeeewe-ee es 


ek ee 


wane wee eee = 


VERS TON eo re 
Sample id : 
Version : 
Report ii vets 
X conversion s: 
Y €oOnversion:: 
Sample rate : 
A/D range 3: 
Callie tyoe ee: 
Calib bead + 
Temperature : 
Test type : 
Rar type : 
Ei-eal. check : 
are vite ayahiie © 2 


1LQO904 
ff ee 
eo 


Ane? 27008 


2.20462300 


Go 7 
() 
AUTOMATIC 
a deta sree a le, 
Ts 
DENTE: 
ASS—4 
rey COE) 
1102.40450 


Sample dimensions : 


es ce i mw me we we ee ee we ww = = 


f\: 2a94 BH: 138324 .0000 
Specimen its j 
Matt Linch lana.) : pls Oh i 
Mas exvtons s; L295 
Mamber ef elements : 6M 4 


See lhe 


dimensions : 
As: ~O3393701 


maa GELS) 


AUS etry Tati Clery oe 


> Mpw > Hw 
ALuLiliary 
Hub ww 


mm me mm ee ee ee re ee re ee en ww we 


HEKH WIN 


Tiqpouet 


HP EHR 


ee ee ae. 


Array KF e 


Nyepw he 


Je Ves a Sy 


epew¥eves 


Ree 


ep wow Hw H 
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Test date : 
Version date 3: 
Operator °: 


Xx A/D GEriGet -s 
¥Y ASD etftserc 1 


Extensometer : 
Autestart : 
Geametry : 
Calib extens : 
HUM Gitet years 

# Specimens : 


Entry dimens 3: 
Thresh delay : 
ExMCenS Bidiaictes 
1926859 es 
Test end status 
Mn Yond parryt 
Max extens pnt 


19.6850400 D: 


PRELUPK PRERKHH WRB 


HEH URE, YUM UHHH 


September 10,1908 
VE/O97 0G 
Mark Jones 
. (tio) 
OOOO 
NO 
GEE 
CY et NDAlees 
~0O00 
fC) 
if 
MES 
maya a) 
s 2tarss 
20844 ee Nl 
: 0) 
lk : eae | 
+ : fy J 


.0393701 (Ese 


ERURPRS we BD Wee 


¥¥ MR eye y¥ Ww P oN YD 


- 


GRAPHITE BUNDLE TEST (50 CM) 


Test type: Yarn/Fiber 


Operator nase: Mark Jones 


Sarole Identification: 100905 

Interface Type: 4200 Series 

Machine Parareters of test: 
Sample Rate (pts/sec): 


"BATCH ID' 100905 
‘OIL GR NO OIL' OIL 
Digensions: 


Lin. Density (tex) 
Gauge length (ra) 


Gut of 1 specimens, 
Sasple comments: OIL SAMPLE 


6.67 
Crosshead Speed (en/nin }: 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


Instron Corporation 


Series IX Automated Materials Testing Systea v4.0lc 


Test Date: Septeaber 10,1988 


Sasple Type: AS-4 


Huaidity ( % ): 20 


9.000 Teaperature (deg. F): 


SPPEanl 


e036.0 
500.00 


0 excluded. 


Displcment % Strain Load 
at at at 
Specimen MaxiAua Max1Aun Maximua 
Nusber (an) (X) (EN) 

I a, 919 7820 1399 
Mean: creat 7820 oat 
Standard 
DQ ASGLCIS SSS ata 
Mean - 

CCC RMB OU eso > oon es Seer ceN- == 
Mean + 

PROM @atecatenec tc Sao soS> TTS To“ ase 
Minigua: 3.910 . 7820 a7 
Maximum: 3.910 7820 JIB)! 


E83 7 


73 


VERSION. “Ole 
Samp Le. see 

Version 

Repert filett 


X conversion °: 
Y Cenverswven 


Sample rate 
A/D range : 
Calibstypes: 
Calib lead : 
Temperature 


Test type : 
Maw Gy le a: 
Hreal check s 
Load Limit ¢§ 


sted ie eet i eee eee ee ee ee 


OOIOS 
oa a 
ual 


Oe Se 
e.eOfoecau 


Guo 
C) 
AUTOMATIC 
Lieces tl 
Za 
DENTER 
ASG-—4 


wo oe ee 


112.490450 


Sample dimensions ¢: 
f\: 20394 EH: 18324.0000 oe 
Specimen tt 1 
Massimum locad ¢: Gp ees ar ae | 
far extens ey 
Number caf elements 544 
Specimen dimensions 
As 939370) EH: 1803824 .000R0000 Cs 
Auxiliary Input Array 1 


YN Gee GY BARK XY 


Atwcaliary Lnpece 


Betlicrt Se GNC} Ge TG foie i 


me re re mes we wre wr me tar rrr were rr wr ree rer ms mm rrr rm ee me ee ee 


>HAVPSYVR HHP eHHH 


Cire the 


Pep uy ue ¥ 


ERO RHR 


HHD> He XH BWHEH wD HM>Y 


Test date : September lO. l7ae 
Version gate: Oea7097 ea 
Operator : Mark Janes 
X A/D affset : 5 (OD 
Y A/D cfitsec = 0000 
Extensometer : NO 
AU UCeS a alg Cees soles 
Geametry 3: CYLINDRICAL 
Calib extens : ~9O000 
Muimidity = s0 
# Specimens : i 
Entry @imens < Yes 
Thresh delay : 2 etd 
EXtens lumi 2 7UO4E Ss 
19.6850) ve Wage Ee Pell 
Test end status : it) 
Mas laarl periye at : 31% 
Max extens pnt ft : oa Ra) 
19°. 6850 Gai: 0993701 ee sO 


HPV BR 
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HRP HMw 


WES ES VV 9 we ee 


HRP Pre ER ey p> eR we OF 


wey ved F 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (50 CM) 
Test type: Yarn/Fiber 
Operator name: Mark Jones 
Saaple Identification: 1009064 


Interface Type: 4200 Series 
Machine Paraseters of test: 


Sample Rate (pts/sec): 6.67 
Crosshead Speed (ma/ain }: 5.000 
"BATCH 1D' 100906 
‘OIL OR NO OIL' DIL 
Dimensions: 
Spec. | 
Lin, Density (tex) 2036.0 
Gauge length (an) 590.00 


Out of I Specinens, 0 excluded. 
Displceent 4 Strain 
at at 
Specisen Kaxisus Maxieun 
Nunber (ma) (%) 
| 3.660 eedco 
Mean: 3.660 -?de0 
Standard 
ESN STs Sa a a 
Mean - 
2.00 € Sdy: -<--eccee-  wo-------- 
Mean + 
2.00 & Sdys -------nee cone nee--- 
Miniaum: 3.660 7 ie0 
Maximum: 3.660 7320 
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Instron Corporation 
Series IX Autoeated Materials Testing System v4.0ic 
Test Date: Septeaber 10,1999 


Sample Type: AS-4 


Husidity (4): 50 
Temperature (deg. F): 3 


Load 
at 
Maxiaua 

(KN) 


ee 


COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (25.0 CH) 


Test type: Yarn/Fiber Instron Corporation 

Series IX Automated Materials Testing System v4.0ic 
Qperator name: Mark Jones Test Date: Septeaber 10,1988 
Sasple Identification: £00907 Sasple Type: AS-4 


Interface Type: 4200 Series 
Machine Farameters of test: 


Satple Rate (pts/sec): 5,00 Huaidity ( % 0; 00 
Crosshead Speed (as/min ): 2,500 Temperature (deg. F): n23 
"RKATCH ID’ 100907 
‘OIL OR ND OIL' OIL 


Dimensions: 


SDPC aH 
Lin. Density (tex) 2036.0 
Gauge length (sa) 230.00 
Out cf | specimens, 0 excluded. 
Displceent & Strain Load 
at at at 
Specisen Maxieun Maxieur Maxieus 
Nunber (mm) (X) (KN) 
} c.3/0 9480 ake 
Mean: e.g 7480 1718 
Standard 
Deviations: =-s2so9ssaoaa sees no ee 
Mean - 
25004 SAV! esos eters Poe eae 
Mean + 
2 O08 Sdys. eee eee eee 
Minieun: e.070 9480 1718 
Maxipua; 2.370 9480 1718 
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MemolON 4 .QOic 


Sample id : 100907 Test date : September 10,1988 
Version : 4.01lc Version date : 06/09/98 
Becert filet : 15 Operator : Mark Janes 
X conversian 3: 3737008 X A/D affset : revinta 
Ycanversion : 2@.2e&046e2300 Y A/D affset 3: ~AOOO 
Sample rate ;: 27.00 Extensameter : NO 
A/D range : e) Autestart : OFF 
Beaiob type : AUTOMATIC Geametry =: CYLINDRICAL 
Calib laad : Iie Calib extens 3: 0000 
Temperature 3 793 HMMs ty = ot 
Test type : DENIER # Specimens 3: 1 
Bar type =: AS=-4 Ehiaieyeoinim@ings = YES 
Freav chect :s IO ,OOO0OD Thresh delay : SR ekANS Bl 
moered Linit * Vie 40650) Extens limit : SAS) 


Sample dimenniarns 


AY: 20394 Hirer tire) Un) Ge 7. E84eu1 Ds sleet WN) 
Specimen dos i Test end Status : JO 

Mieaseumum cath + Goi? a asta lead part 4 : a ae 
icp GCE TIS : Pe ef a4 MAS exten pnt 4 : ct 7 

Number af elements : 47 

Specimen dimensions ?: 

Als Pega 7 el is 18seo.O000000 Ce yeaa me): mecieo /O1 (eNO 


Auxiliary Input Array # 1 
KH KK REM PUMA HR KHMER SE KEEFER SHERI H RPK HHH PEER HN MEK EH RY FH UD K OD 
Auxiliary Input Array # 2 
KE MRK MNES KKK EEK FHS EHR HEM HK RH HH HH M PW ee 


———_—— ae ee eee eo eS ee eS ee ee ee cts pends gee te ie ee ee ee ee te I me ee ee re 
ee - _—— - - 
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COMPOSITES LABORATORY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93940 


GRAPHITE BUNDLE TEST (25.0 CHM) 
Test type: Yarn/Fiber 
Operator name: joe 

Sample Identification: 100908 


Interface Type: 4200 Series 
Machine Parameters of test: 


Saeple Rate (pts/sec): 5.00 
Crosshead Speed (me/ein ): 2.500 
"BATCH ID' 100904 
‘OIL OR NO OIL' NO OIL 
Dimensions: 
Spec. | 
Lin, Density (tex) 2036.0 
Gauge length (am) 290.00 
Qut of I specimens, 0 excluded. 
Oisplerent % Strain 
at at 
Speciren Maxiaur Maximua 
Number (na) (%) 
l C.ci0 9560 
Mean: 2.390 9560 
Standard 
DeVISVEGN <2 2o2 2S ooo ee o eaten aoe 
Mean - 
G.00.<t SONG coemarerma tro erasers 
Mean + 
C.008+ StNS q-ceere=d| ) 2 — 
Minjaur: 2.390 7540 
Maxieus: rare 9940 
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Instron Corporation 
Series IX Automated Materials Testing System v4.0lc 
Test Date: Septeaber 10,1988 


Saaple Type: AS-4 


Hupidity { % ): 30 
Tesperature (deg. Fi: 73 


Load 
at 
«“Maxieue 


(KN) 


eee Hee oe 


1694 


» 1694 


1694 


~ 


VenolON 4 .01eE 


Sample id : 100908 Test date : September 10,1988 
Version : 4.0lc Versian date +: 06/09/88 
R@pert filet : 15 Operator : jce 
Mecomversian =: meo7s /OOG X A/D affset : APOE. 
YeGoanversicn = Ce Cudtocgul Y A/D afiset.: 20000 
Sample rate : ar ee Extensometer : Nf) 
A/D range : O Autastart : OFF 
Calib type =: AUTOMATIC Geemetry : CYLINDRICAL 
Cajnb laad : Oe ota Calibvextens : OOOO 
Temperature : 73 Hammar ty 2 SO 
West type : DENIER %# Specimens : 1 
Har type : AS-4 Emery -oimens ° YES 
Breat: check : 10, 00000 Thresh delay : -ce1b 
Pood limit 3 112.40450 oarens limit : oe eS: 
Sample dimensians s 
fis 2394 BCs LBS OOO) ee ye cred Ds esT4 BE: Ro 
Specimen dbs j Test end status : 10 
fear inciin lead 3 se GI leare) J Gate (9ceiyit 4 : tl? 
Max @xtens : ~ 1°74 Max extens pnt : wa) 
Number af elements : wa 
Specimen dimensicnes 
fy: SOs s7O ieee 1B8e. OOooonnOd Cs: PeeGewcewl Ds elles) ) Ev ide) 


febettiary Input wrray F 1 
KRHH KM H HR HR FH HER HERR HE RHE HEH eR MH EH NEM FHM HHH BHR EH NH HeHpaner 
Auxiliary Input Array it 2 
HK KERN PR HRM EH ROME MEN EH EH MOWER Rh ERR EK H HE VHRR KH MH MR HH 2410 


0 mm cm ee ee ee ee rem re re ce cmc ce ce ee ee ee me ee ee es ce ee ce ee ce ee me re ee ee me ee eee 
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